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One or THE most fertile minds ever, Johannes Kepler (1571-1630) made 
valuable contributions to every field he addressed. He changed the face of 
astronomy by abandoning principles that had been in place for some 2,000 
years, made important discoveries in optics and mathematics, and even 
constructed astrological charts renowned for their uncanny accuracy. In 
addition, he was an uncommonly good philosopher. 

One tends not to hear much about Kepler’s philosophical prowess, 
probably because he did not actually write a treatise specifically on philoso- 
phy; his philosophical views were usually advanced as solutions to prob- 
lems in other disciplines (the Apologia pro Tychone contra Ursum is an ex- 
ception, but its content was constrained by Tycho Brahe). Consequently, 
in order to encounter Kepler’s philosophical views, one has to study his 
treatment of other subjects. Kepler’s astronomical works provide a particu- 
larly fruitful source for his epistemology and methodology of natural phi- 
losophy, what we now call “science.” 

For one thing, Kepler became a Copernican at a time when there was 
no empirical evidence that would support the Copernican over the well- 
entrenched Ptolemaic system (and, later, over the Tychonic system). His 
initial reasons for preferring Copernicanism, therefore, were extraempiri- 
cal and were drawn in particular from metaphysics and methodology. Con- 
sequently, in his early astronomical works one finds interesting arguments 
on the logic of drawing predictions from theory, the virtue of the explana- 
tory power of a theory, what makes a theory testable, and so on. Later, he 
added arguments from physics to his arsenal, which raised other philo- 
sophical issues. 

For another thing, astronomers were well aware of certain philosophical 
problems having to do with the making and interpretation of observations. 
It was standard practice to process observations in the computation of planc- 
tary positions. One had to calculate the effects of refraction and to consider 
whether the body was observed at the horizon or directly overhead (con- 
sider the familiar phenomenon of the change in size of the moon as it 
approaches the horizon). One could not always make the desired observa- 
tion at precisely the right time—for example, if it was clouded over. One 
had to take into account that, because the object stood at such a distance 
from the observer, a small error in observation could significantly influ- 
ence the calculated position of the planet; and, if one was a Copernican, 
then the position of the Earth had to be taken into account. These and 
other considerations made it clear to astronomers that the relationship 
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between observation and theory was quite complex and that a certain level 
of error was acceptable; even if an observation of a planet’s position was 
five minutes off from the predicted position, this prediction could still be 
considered successful. In the Astronomia nova Kepler used discrepancies 
between prediction and observation that would have previously been 
within the acceptable margin of error to revolutionize astronomy. In order 
to do this, he needed to address the issue of how to make observations yield 
more precise information. 

For the Copernican astronomer, moreover, the issue of the interpreta- 
tion of observations was particularly keen. After all, it Jooks like the sun 
goes around the Earth. Yet being a Copernican does not mean that one 
ignores observations; rather, the question is how to determine a reliable 
and veridical method of interpreting observations, a concern that occupied 
Kepler throughout his career. Kepler’s revolutionary approach to astron- 
omy raised questions not only about the relationship between observation 
and theory but also about the very nature of astronomy and physics. Kepler 
argued that astronomy would progress only if it was grounded in physics. 
This position was unpopular at the time, prompting Kepler to address the 
philosophical problem of the relationships between disciplines. 

In addition, the celestial physics Kepler developed was a mixture of Aris- 
totelian qualitative physics and Archimedean mathematical mechanics. Be- 
cause the relationship between mathematics and physics was an open ques- 
tion at the time (in contrast to today when it is taken for granted that one 
uses mathematics in physics), Kepler was subverting the standard method- 
ology of physics, a situation that encouraged philosophical thought on the 
nature of physics. Aristotle had warned against the use of mathematics in 
physics. For Aristotle, the proper way to explain the behavior of physical 
objects was to deduce what they will do from a consideration of their es- 
sences. The mathematical features of objects are, for Aristotle, accidental 
rather than essential properties. Kepler’s solution was to develop a meta- 
physics under which the mathematical properties of an object ave its essen- 
tial properties. One sees this position echoed in Descartes, who argued 
that the essential property of objects is their extension, which paved the 
way for a mechanical physics. His effort was sufficiently persuasive that 
Spinoza took it for granted that physics was the study of extension. ‘This 
position became widespread enough that Leibniz felt the need to argue 
that physics required nonmathematical as well as mathematical principles. 

Kepler’s mathematical metaphysics is the central theme of this book, 
because it is this metaphysics that provided the inspiration and justification 
for the methodological innovations required by the new astronomy. Kep- 
ler believed that the world was created by God to express divine aesthetics, 
what Kepler called “Archetypes.” This aesthetics was essentially geo- 
metrical in nature. If one knows the details of God’s aesthetics, then one 
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can infer a priori certain structural features of the world—for example, 
whether the world is Copernican or Ptolemaic. (The commitment to a 
priori knowledge about the world is a key feature of the early modern 
rationalist movement.) Conversely, if one knows the structural features of 
the world, then one can gain access to God’s aesthetic plan. 

In order to carry out this study, we need to look at Kepler’s astronomy 
in some detail, which is interesting in its own right. Although no back- 
ground in astronomy is presupposed, an assessment of some technical ma- 
terial is necessary if we are to get a sense of how Kepler applied the meth- 
odological principles developed from his mathematical metaphysics, and 
also of the problems that motivated the development of these principles. 
I have struggled to make Kepler’s work as accessible as possible, a task 
most difficult with the material in chapter 6. Here I isolate commentary on 
technical details, which the reader can skip if desired. 

Kepler’s manuscripts have been collected in the Johannes Kepler Gesam- 
melte Werke and Joannis Kepleri astronomi opera omnia. The Mysterium cos- 
mographicum, Apologia pro Tychone contra Ursum, Astronomia nova, Harmo- 
nice mundi, selections of Epitome astronomiae Copernicanae, and selections of 
Keplers correspondences have been translated into English. I have in- 
cluded citations to both the English translations (where available) and to 
the Latin and German in Johannes Kepler Gesammelte Werke. 

The audience I had in mind when writing this text includes both histo- 
rians and philosophers of science, metaphysics, and epistemology, and 
anyone interested in understanding the scientific revolution. One thing 
that becomes clear in this study is that the process of constructing a new 
discipline (in this case physical astronomy) brings to the forefront episte- 
mological, methodological, and metaphysical issues, and I offer a detailed 
examination of this process. In this case study, we see in detail the complex 
interplay between data and theory, and the role theory plays in “turning 
data into evidence”! for that theory. We also see the role that metaphysics 
played for Kepler in justifying his epistemology as truth tracking. In addi- 
tion, in Kepler’s work we see the first and perhaps the most rigorous at- 
tempt to test empirically a metaphysical worldview, as well as one of the 
most explicit uses of metaphysics to further an empirical discipline. Thus, 
although Kepler’s metaphysics did not start a new metaphysical tradition, 
it was instrumental in starting the tradition of physical astronomy, and is of 
historical and philosophical significance for that reason alone. Kepler is 
clearly a key figure in the scientific revolution, and, given that he explicitly 
stated that his astronomy was related to his metaphysics, this study should 
aid in understanding the manner and extent to which this is so. 

Until recently one was likely to encounter one of two Keplers: Kepler 
the consummate scientist as depicted by Small ({1804] 1963), Dreyer 
({1906] 1953), and Strong (1966); or Kepler the demented dream architect, 
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the sleepwalker depicted most notably and popularly by Koestler ({1959] 
1968). The Kepler one encounters often depends on whether an author 
focuses on or away from Kepler's “unscientific” interests. There are nota- 
ble exceptions. Cassirer ([1927] 1963, 164-65), for example, takes note of 
Kepler’s interest in archetypes and astrology without concluding that his 
method was unscientific; indeed, he proposed that Kepler’s aesthetic con- 
ception of the world was instrumental in overcoming the mystical ap- 
proach to nature. Recently there has been a resurgence of Kepler scholar- 
ship, and a number of excellent works have been published on him. This 
text is heavily indebted to these works, most notably those of Stephenson 
1987; 1994; Jardine 1979; 1984; Gingerich 1973; 1975a; 1992; Gingerich 
and Voelkel 1998; Voelkel 1994; Field 1988; Caspar [1959] 1993; Harper 
and Smith 1995; Westman 1972; 1975; 1980; 1984; and Mittelstrass 1972. 
Current Kepler scholarship tends to acknowledge that there is a relation- 
ship between Kepler’s scientific and “unscientific” interests, and studies on 
his metaphysics (e.g., Lindberg 1986; Field 1988; Stephenson 1994; and 
Kozhamthadam 1994), and his astrology (e.g., Rosen 1984) have appeared. 
In addition, several texts have explored his astrology and archetypal cos- 
mology in relation to his astronomy (e.g., Pauli 1955; Holton*1956; Koyré 
[1961] 1973; Simon (1975) and have indicated the importance of these 
interests in Kepler’s conversion to Copernicanism. Holton, in particular, 
emphasizes the way that Kepler appealed to his archetypes when his physi- 
cal arguments failed. In this text I approach Kepler from a somewhat dif- 
ferent perspective; I am interested in those aspects of the relationship be- 
tween Kepler’s metaphysics, epistemology, and physical astronomy which 
promise the greatest philosophical yield. In particular, I examine Kepler’s 
use of metaphysics to resolve the epistemological and methodological 
problems in astronomy generally acknowledged in his time. 

In addition to complementing the recent Kepler scholarship, this text is 
intended to add detail and nuance to the recent broad discussions of the 
scientific revolution. On the whole I have found such narratives like John 
Henry’s (1997) and Steven Shapin’s (1996) to be quite responsive to recent 
detailed studies of key figures in their cultural contexts, some of which 
exhibit their so-called unscientific interests. The impression one often gets 
from these overviews featuring such unscientific aspects, however, is that 
the scientific revolution was a far less rationally motivated transition than 
had previously been supposed. My aim is to show that, in Kepler’s case, 
such unscientific influences were used ingeniously to resolve the concep- 
tual difficulties that faced his scientific program. While it is a welcome 
trend that recent narratives pay attention to the writings of Kepler erst- 
while viewed as unscientific and therefore irrelevant, the Kepler one en- 
counters in this book, which focuses on these “unscientific” ideas, is far 
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more motivated by rational and scientific concerns than recent narratives 
would lead one to expect. 

The book’s first chapter is intended to provide just enough background 
information on Kepler’ life and times to set the stage for the remaining 
discussion. After opening with a brief biography of Kepler (several detailed 
biographies of Kepler are available, most notably Caspar ([1959] 1993), I 
turn to the astronomy Kepler inherited. Here I review the technical appa- 
ratus available to Kepler, as well as prominent views at that time on the 
status and interpretation of astronomy, especially in light of the Coperni- 
can and Brahean challenges to traditional Ptolemaic astronomy. The chap- 
ter concludes with a discussion of the philosophical trends that most likely 
influenced Kepler’s thought. 

The remaining chapters focus on Kepler’s astronomical works as well as 
those on metaphysics and epistemology most relevant to his astronomy. 
Because my interest is also in the evolution of Kepler’s metaphysical and 
epistemological thought, especially in how it changed in response to new 
astronomical discoveries, Kepler’s works will be discussed in the order in 
which they were written. 

Chapter 2 discusses Kepler’s Mysterium cosmographicum, his first book, 
which was written before he developed proficiency as an astronomer. The 
primary thesis of the Mysterium is that the number and relative sizes of 
planetary orbits can be explained by the hypothesis that the five regular 
solids (the cube, tetrahedron, dodecahedron, icosahedron, octahedron), if 
nested inside each other in an order determined by their importance, 
roughly correspond to the relative sizes of the planetary orbits. This may 
seem a peculiar hypothesis, but as we shall see, Kepler’s archetypal vision 
not only supported the Copernican hypothesis but underwrote his ap- 
proach to natural philosophy. In the Mysterium Kepler explicitly argued 
that an astronomical hypothesis required converging support from an ar- 
chetypal model, and that such a model was available to the Copernican but 
not the Ptolemaic hypothesis. He argued for the superiority of the Coper- 
nican account on other grounds as well (e.g., fruitfulness), and I show how 
Kepler justified these grounds by appeal to his archetypal cosmology. 

Chapter 3 is a brief discussion of the Apologia, in which Kepler argued 
against the skeptics that astronomical hypotheses, when properly con- 
structed, interpreted, and tested, could provide us with a true account of 
planetary motion. The main problem facing the realist in astronomy was 
the availability of competing empirically adequate models. I argue that 
Kepler’s answer to the skeptic, while appearing quite modern, was moti- 
vated by, and grounded in, his cosmology. 

The Mysterium and the Apologia, however, are early works of Kepler, 
written before he attained the prowess as an astronomer for which he is 
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famous. Because there is little mention of the archetypes in his mature 
work, the Astronomia, it would not be surprising if his youthful commit- 
ment to an archetypal world order had been abandoned. There are, none- 
theless, two strong sources of evidence to the contrary; Kepler’s later 
works, the Harmonice mundi and the Fpitome astronomiae Copernicanae make 
frequent reference to the archetypes. Given that Kepler did not abandon 
his youthful vision of the universe, what remains to be explored is whether 
this vision played a significant part in his “war on Mars.” In chapter 4 I 
argue that it does, and not only to the extent that Kepler applied the 
method developed in the Mysterium and the Apologia. Kepler also used his 
archetypal cosmology to rule out preempirically various hypotheses—to 
determine which kinds of hypotheses were plausible. This approach per- 
mitted him to focus attention on avenues of inquiry that, in the end, turned 
out to be quite fruitful. 

Chapter 5 is a reflection on the conceptual apparatus Kepler made use of 
in constructing his new physical astronomy and, as such, breaks the flow of 
the narrative to some extent. This reflection shows in detail the relation- 
ship between his three diverse early books, the Mysterium, the Apologia, and 
the Astronomia. I argue that Kepler’s new astronomy involved methodo- 
logical principles that were considered unsound during his time. I also 
argue that Kepler's archetypal cosmology enabled him to blend Platonic 
and Aristotelian intuitions, providing him with rhetorical means to defend 
his account from expected criticisms. 

By the end of chapter 5, I hope to have made clear that Kepler’s arche- 
typal interests should not be viewed as separate from his interests in natural 
philosophy. They had an influence on his new physical astronomy at vari- 
ous levels, from the methodological to the rhetorical. By the time Kepler 
finished the Astronomia, however, he was aware that his polyhedral hypoth- 
esis was incomplete: it failed to explain the nonuniform elliptical motion of 
the planets. Kepler tried to rectify this problem in the Harmonice. Kepler’s 
new archetypal model, however, was not fully compatible with his original 
cosmological commitments, and it became an open question whether the 
material world corresponded to the archetypal precisely. Given the impor- 
tance of making this match, as outlined in the foregoing chapters, one 
wonders whether the Harmonice really was Kepler’s “mind’s favorite child” 
(Caspar [1959] 1993, 288). While the Harmonice is a remarkable book, the 
universe that Kepler believed he discovered was not the perfect one he had 
expected. In chapter 6 I trace Kepler’s failed attempt to provide an arche- 
typal justification of his new astronomy and the methodological implica- 
tions of this failure. 

Chapter 7 is a discussion of Kepler’s Epitome, which is a significant work 
for three reasons. First, it was written as a textbook for a general audience 
and, as a result, is a good resource for determining what Kepler believed he 
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needed to do to render his new astronomy plausible. Here we see Kepler’s 
metaphysics featured prominently, which suggests that he considered it 
part of his rhetorical arsenal. Second, his mature physics, metaphysics, and 
astronomy are finally presented together in one work, which allows for 
further exploration not only of the evolution of his thought but also on 
how he conceived of the relationship between these diverse elements. Fi- 
nally, since books IV through VII were written after the Harmonice, they 
give evidence of the tension between Kepler’s physics, metaphysics, and 
astronomy that, I argue, was brought about by Kepler’s difficulty in devel- 
oping a complete archetypal account in the Harmonice. 

The final chapter is a short commentary on the implications that the 
shortcomings of Kepler’s approach to natural philosophy had for his inter- 
pretation of his astronomy as true. I conclude by briefly addressing the 
question of Kepler’s influence on subsequent philosophical thought. 
Granted, his approach as a whole suffered difficulties, but a number of 
aspects of his philosophical thought had proved very fruitful. In particular 
I was interested in the manner and extent to which Descartes and Leib- 
niz—who both shared much in common with Kepler’s metaphysical 
thought, and who both were well aware of Kepler’s works—commented on 
Kepler’s philosophical positions. 

This study makes clear that Kepler has much to offer philosophers and 
historians of science, epistemology, and metaphysics. Although Kepler did 
not write a philosophical treatise, his thought on these matters is particu- 
larly valuable precisely because they were developed in the context of pro- 
viding solutions to significant problems facing an emerging science. A pe- 
culiar philosophy thus served to establish a lasting astronomy. 
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Kepler’s Life and Times 


Select Biography 


Kepler’s life was marked by personal misfortune, social instability, and in- 
tellectual fertility. He was hounded from all sides by physical illness, polit- 
ical and religious strife, and financial distress. An unrepentant Lutheran, 
he was threatened by the machinery of the Counter-Reformation, at the 
same time, he was an unorthodox Lutheran, and so was eventually ex- 
cluded from Communion in the Lutheran Church. Denied a religious 
home, Kepler craved a politically stable environment in which to carry 
out his work, but a refuge was denied to him by the frequent wars that 
seemed to surround him. In 1621 he lamented this situation and its effect 
on astronomy: 


(T]imorous and unwarlike astronomy is warned by the conditions, dangers, ter- 
rors, disasters, and troubles to look round for assistance. She crossed in the year 
1600 from Styria into Bohemia, so that just as she had put her first roots under 
the shelter of the Austrian house she might also grow to maturity under it. After 
being tossed to and fro there by the tempests of both civil and foreign wars . . . 
she returned to Austria. Would that she could have been honored there with the 
devoted attention of eminent minds (no less than by myself, who restored her) 
as much as she was accepted and favored with goodwill. Yet, alas, of what great 
goods do miserable mortals despoil one another, by their shameful itching for 


quarrels. (MC, 43; KGW VIII, 11) 


Not all of the forces at work during Kepler’s life were negative; the 
period in which he lived was also marked by lively intellectual activity. 
Kepler himself keenly felt the excitement of the times: 


After the birth of printing books became widespread. Hence everyone through- 
out Europe devoted himself to the study of literature. Hence many universities 
came into existence, and at once many learned men appeared so that the author- 
ity of those who clung to barbarism declined. ... What shall I say of today’s 
mechanical arts, countless in number and incomprehensible in subtlety? Do we 
not today bring to light by the art of printing every one of the extant ancient 
authors? ... Through them there has today been created a new theology and a 
new jurisprudence; the Paracelsians have created medicine anew and the Coper- 
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nicans have created astronomy anew. I really believe that at last the world is alive, 
indeed seething, and that the stimuli of these remarkable conjunctions did not 
act in vain. (Translated in Jardine 1984, 277-78; from KGW I, 330-32) 


These were fertile times; indeed, ene could probably not pick a more aus- 
picious time for one with such astronomical gifts to have lived. He was 
born twenty-eight years after Nicolaus Copernicus’s death (1473-1543) 
and had the opportunity to meet and work with the Danish astronomer 
Tycho Brahe (1546-1601), perhaps the greatest naked-eye observer in his- 
tory. He was a contemporary of Galileo Galilei (1564-1642) and lived to 
hear of the invention of the telescope and to receive reports from Galileo 
of what was seen through it—the four moons of Jupiter, for example. 
Kepler himself had opportunity to use the telescope, and he established the 
reliability and veracity of telescopic observations through his study of the 
principles of how light passes through lenses (presented in a work called 
Dioptrice, 1611). As a result of the empirical work of Galileo and the theo- 
retical work of Kepler, the advent of the telescope heralded a new era in 
the kinds of observations that could be made of the heavens. This age 
witnessed great advances in astronomy. 

Kepler was born on December 27, 1571, to Heinrich and Katherina (née 
Gulderman) in Weil (today called Weil der Stadt). The picture of Kepler’s 
family that Caspar drew from Kepler’s account of the astrological causes of 
the personality traits of his family members is not particularly flatter- 
ing. One gets the impression that Kepler’s parents and grandparents, with 
whom Kepler lived as a small child, were harsh and uncaring (Caspar 
[1959] 1993, 34-36). Caspar ((1959] 1993, 36) speculates that this may 
have been the cause of Kepler's strong faith in God, to which he turned for 
solace. Kepler’s piety, coupled with his keen intelligence, made him an 
ideal candidate for the clergy. While such a career choice brought prestige 
to the family, it also removed a heavy financial burden on the family; the 
seminary at Tübingen was “subsidized,”! so Kepler’s schooling cost rela- 
tively little. As a result, he was able to pursue this path. 

In 1589 Kepler entered Tübingen University. Tübingen was a Lutheran 
institution, and as such its curriculum was influenced by Martin Luther 
and Philip Melanchthon. Luther’s thought seems less relevant to Kepler’s 
development than that of Melanchthon, since Luther tended to speak of 
theology, natural philosophy, and philosophy as having distinct methods 
and subject matters (Methuen 1998, 62-68). By contrast, Melanchthon, 
like many of Kepler’s teachers, saw nature as significantly revelatory. One 
could come to know about God by studying the created world (Methuen 
1998, 69-99). Thus training in philosophy and natural philosophy was an 
integral part of theological training. Moreover, the study of mathematics 
was particularly important for Melanchthon due to his sympathy for the 
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Pythagorean and Platonic view that the ultimate nature of reality is mathe- 
matical. The tractability of the natural world to mathematical analysis is an 
indication of the extent to which it reflects the mind of God. The mathe- 
matical abilities of the human mind, according to Melanchthon, are also a 
reflection of God, allowing us to access God through the study of nature 
(Methuen 1998, 83). Consequently, mathematics was given a much higher 
status in Melanchthon’s thought than was typical for the time. 

Melanchthon’s influence on the curriculum at Tübingen was substantial 
(Methuen 1998, 99-106), and so Kepler studied mathematics, astronomy, 
and physics, as well as ethics, dialectics, rhetoric, Greek, and Hebrew for 
two years before beginning studies in theology (Caspar [1959] 1993, 42). 
While the standard works of Aristotle were studicd—Kepler reported that 
he became familiar with Aristotle’s Posterior Analytics (a treatise on the 
proper method of natural philosophy) and Physics (KGW XIX, 328-29) 
during this timc—Kepler also learned something of the Pythagoreans, 
Plato, and the Neoplatonists, although Methuen (1998, 221) argues that he 
likely learned less about these schools from the professors at Tiibingen 
than is generally thought. 

At Tübingen Kepler met perhaps the most important influence on his 
life, Magister Michael Maestlin, who taught mathematics and astronomy 
and was an accomplished and well-known astronomer himself.’ Maestlin 
was also a Copernican, who inspired Kepler by speaking of the mathemati- 
cal advantages the Copernican system had over the Ptolemaic (MC, 63; 
KGW I, 9). Thus began a mentorship and friendship that would last for 
many years. 

Kepler’s theological studies were interrupted by an invitation to teach 
mathematics at a Protestant seminary in Graz, an offer he was loath to take 
up but felt he could not refuse (AN, 183-84, KGW III, 108). This “inter- 
ruption” turned out to be a blessing in disguise, for it was in Graz that he 
hit upon the idea that would be the central thesis in his first book, the 
Mysterium. 

As he reported in the preface to the Mysterium, while teaching at Graz 
Kepler became obsessed with the question of why God had created exactly 
six planets, with the distances between them as they were (he had in mind 
the Copernican distances). He initially tricd to find some rule of order in 
the numerical progression of the distances, but without success. Then he 
decided—a decision that would guide the course of his work—that God 
was a geometer rather than a numerologist. God would create the world to 
represent aesthetically interesting geometrical shapes. This came to him as 
a flash of inspiration while teaching a class: 


Therefore on the 9/19th of July in the year 1595 when I was going to show my 
audience the leaps of the great conjunctions [of Saturn and Jupiter] through 
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Figure 1.1. Kepler’s Inscribed Triangles 


eight signs at a time, and how they cross step by step from one triangle to an- 
other, I inscribed many triangles, or quasi-triangles, in the same circle, so that 
the end of one was the beginning of another. Hence the points at which the sides 
of the triangles intersected each other sketched out a smaller circle. (MC, 65; 
KGW I, 11; figure 1.1 from KGW VII, 26) 


Kepler noticed that the ratio between the two circles was close to the ratio 
between the orbits of Saturn and Jupiter, which encouraged him to de- 
velop the idea further, leading to the thesis that all the proportions in the 
heavens could be explained by using aesthetically interesting combina- 
tions of geometrical figures to construct the circular motions found in the 
heavens. 

Strange as it might seem that someone with astronomical gifts as great 
as Kepler’s would expend energy on such a peculiar project, Kepler himself 
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believed this kind of study to be an essential part of the program to 1m- 
prove astronomy: “Now by goodness, this a priori method improves the 
study of motion; and certainly we should hope for this improvement pro- 
vided that others support us with the observations they have available” 
(Letter from Kepler to Maestlin, October 3, 1595; KGW XIII, 38). This 
way of conceiving of astronomy appealed to Kepler on a personal level as 
well, for it indicated that he could commune with God through the study 
of the heavens. This possibility was a great relief, given his initial desire to 
worship God through the study of theology: “I was determined to be a 
theologian: I was distressed by this for a long time. But look! Even in 
astronomy my work worships God” (Letter from Kepler to Maestlin, Oc- 
tober 3, 1595; KGW XIII, 40).’ 

Maestlin, now Kepler’s friend and mentor, helped Kepler revise, pub- 
lish, and distribute the Mysterium. In the course of sending around copies 
of this book Kepler made contact with Galileo and, more important, 
Tycho Brahe (Galileo, after initially receiving the Mysterium with enthusi- 
asm, was reluctant to correspond with Kepler). Brahe, on the other hand, 
though not in agreement with Kepler’s thesis and method, was impressed 
and invited Kepler to work with him. The timing could nôt have been 
better. All Protestant teachers save Kepler had been expelled from Graz (it 
seems that Kepler’s friend Herwart von Hohenburg had interceded on his 
behalf). The situation, nonetheless, was increasingly uncomfortable, as 
Kepler reported in a letter to Maestlin (August 19/29, 1599; KGW XIV, 
56-58). Although he wished to return to Tubingen, Kepler feared that the 
political and religious climate would not allow it. But Emperor Rudolph TI 
invited Brahe to take up the post of court mathematician in Prague, which 
he did. He settled in the nearby Castle of Benatky, which was close enough 
to Graz that Kepler felt he could make the journey. Brahe’s invitation was 
Kepler’ escape. 

This situation, as unfortunate as it was for Kepler, gives us insight into 
his character that can aid the interpretation of his work. We see here, and 
elsewhere, that it ran counter to Kepler’s character to lie or even hide his 
beliefs for the purpose of political expediency (especially important for the 
interpretation of his Apologia). Kepler could have avoided many of the po- 
litical troubles he encountered were it not for the strength of both his 
convictions and his character. In a letter to Herwart von Hohenburg (a 
Catholic), he wrote, “I have not learned to publically put on appearances; 
I am serious in my religious practices, it is not just an act for me” (Decem- 
ber 16, 1598; KGW XIII, 269). 

Before Kepler could work with Brahe, he had to clear up a nasty piece of 
business. He had written a letter to Nicholas Reymers Baer (Ursus), the 
imperial mathematician, about his discoveries in the Mysterium. This letter 
was full of praise for Ursus (understandable given Kepler’s youth and his 
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awareness of Ursus’s position). Ursus, without Kepler’s knowledge, let 
alone permission, published the letter in 1597 in his Astronomical Hypothe- 
sis, where he advanced an attack on Brahe so vicious the censors would not 
approve it (he had to publish it himself; Rosen 1986, 14-15). As it turns 
out, Kepler’s letter praised the world system that Brahe claimed had been 
stolen from him by Ursus. Kepler, now caught in the middle, and in need 
of a job and safe place to live, was forced to write the Apologia before he 
would be permitted to work with Brahe. He was loath to engage in a prior- 
ity dispute and, as a means of accommodating both Brahe and his distaste, 
constructed the Apologia as a methodological treatise that only indirectly 
defended Brahe. As we shall see in chapter 3, Kepler managed to accom- 
plish this political task while writing a treatise on methodology that he 
could and did stand by.* 

This event, though unfortunate for Kepler, is extremely fortunate for 
the historian of philosophy of science because Kepler, though an astute 
thinker on methodological issues, preferred to address such matters only as 
they arose in the course of his work in natural philosophy. Thus, the Apolo- 
gia is the only work of Kepler to address at length his views on the proper 
construction and testing of hypotheses. It is also an extremely important 
work for the history of astronomy, for here Kepler first argues at length for 
the necessity of grounding astronomy in physics, thereby laying the 
groundwork for the Keplerian revolution in astronomical method. 

Unfortunately for the historian of philosophy of science, because Kepler 
was restrained to defend Brahe, one does not see in the Apologia an all-out 
methodological defense of the Copernican system. Kepler left out or left 
implicit any approach that would distinguish between the Brahean and 
Copernican system. Consequently, the Apologia should by no means be 
taken as a complete treatment of Kepler’s position on the proper method 
of natural philosophy. 

Kepler visited Brahe for a few months in 1600, a visit that ended acrimo- 
niously (we do not know the exact nature of the argument). Brahe’s suspi- 
cions that Kepler may have been in league with Ursus may explain the 
outcome—Rosen (1986, 258-63) cites two letters by Brahe written in 
March and April 1600—as well as the reason Brahe was so possessive of his 
observations. Shortly after, however, Kepler apologized and was invited to 
work with Brahe again. At the end of September 1600, Kepler moved with 
his family from Graz to Prague, and on October 24, 1601, Brahe died. 
Kepler was awarded Brahe’s position and access to his observations—a rich 
treasure because Brahe, in addition to being a precise observer, also made 
extensive observations. On the basis of these observations Kepler under- 
took his study of the orbit of Mars. Originally, Kepler had intended to use 
Brahe’s observations to buttress and further his argument in the Mys- 
terium, but, as often happens, his work took a different turn: “I would have 
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brought to completion my dissertation on the harmony of the world long 
ago already except the astronomy of Tycho took me over to such a degree 
I thought I would lose possession of my sanity” (Letter to Herwart von 
Hohenburg, July 12, 1600; KGW XIV, 130). 

It is our good fortune that Kepler started working with Brahe’s observa- 
tions when Christen Sörensen Longberg, otherwise known as Longomon- 
tanus (one of Brahe’s assistants), was working on Mars; indeed, Kepler 
entertained the possibility that the timing was due to God’s intervention 
(AN, 185; KGW IIT, 109). The orbit of Mars deviated from the circle more 
than the other planets (except Mercury), which made it possible for Kepler 
to discover that the orbit was noncircular (even so, the deviation is not so 
obvious that it could be easily observed, as we shall see in chapter 4). 

Kepler initially thought he would be able to solve the problem of Mars’s 
orbit in eight days, but he ended up struggling with this problem for many 
years. He determined the orbit to be noncircular in 1602 and, in the same 
year, introduced the area rule—namely, that the radius vector sweeps out 
equal areas in equal times. By 1605 he discovered the first planetary law, 
that the orbit is an ellipse with the sun at one focus. The title he gave this 
work is Astronomia nova AITIOAOTHTOS, sev physica coelestis, tradita 
commentariis de motibus stelle martis ex observationibus G. V. Tychonis Brabe. 
As the title indicates, the foundation for his new astronomy is the method- 
ological principle proposed in the Apologia, that astronomical theorizing is 
guided by physical reasoning. 

To get this momentous work published took Kepler several years. He 
had to fight with Brahe’s heirs over his right to use Brahe’s observations 
(he indicated in a letter to Maestlin on Dececember 14, 1604, some of the 
difficulties he had with Brahe’s son-in-law, Tengnagel; KGW XV, 73). Fi- 
nancial obstacles to the printing complicated matters further. But in 1609 
one of the most important books in the history of astronomy was finally 
published. 

Kepler also experienced financial difficulties in maintaining his domestic 
situation. Although he had been given Brahe’s position, he frequently en- 
countered problems in receiving his salary from Rudolph II (indeed, 
though his position began in October 1601, he did not receive his first 
payment until March 1602). Kepler reported in 1611 that the court owed 
him money and requested payment of 2,333 gulden (Letter from Kepler to 
Duke Johann Friedrich, March 9/19, 1611; KGW XVI, 368). On his ap- 
pointment in 1601, he was to receive 500 gulden annually (Casper [1959] 
1993, 123). 

In 1612, after his wife Barbara’s death, Kepler moved to Linz, where he 
stayed for fourteen years. During this period he wrote and published the 
Epitome and the Harmonice, the former a mature treatise on “Copernican” 
(actually, Kepler’s own) astronomy, the latter an exploration of the divine 
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and harmonious nature of the heavens. Kepler’s Earthly experiences must 
have stood in marked contrast to his initial perception of the heavens. 
Shortly after arriving in Linz, he was excluded from Communion on the 
basis of his religious beliefs by a Lutheran pastor. Kepler was hurt and 
commented in a letter to Maestlih on December 22, 1616, that “he who 
accuses me of novelty-seeking on even the smallest matter causes me in- 
jury.” Despite this, he stood firm: “For me, to put on an appearance in 
matters of conscience is not healthy” (KGW XVII, 203). Several years later 
his mother was tried for witchcraft, and he interrupted his work on the 
Epitome to intercede on her behalf. During his journey to visit his mother 
he read the Dialogo della musica antica e moderna of Vincenzo Galilei (Gali- 
leo’s father) and, inspired by it, began work on the Harmonice (Letter to 
Matthäus Wacker Von Wackenfels, 1618; KGW XVII, 253). He had been 
working on the remaining books of the Epitome and the Rudolpbine Tables 
(he had already published the first three books of the Epitome), but when 
his daughter Katharina died in February 1618, he turned to working on the 
Harmonice, which he found more soothing to his troubled soul: “I even 
entreat you, friends, do not damn me entirely to the earlier mathematical 
calculations [the Rudolphine Tables Kepler had been working on}. Grant to 
me the time for philosophical investigations, my only luxury” (Letter to 
Vincenz Bianchi, February 17, 1619; KGW XVII, 327). 

Peace seemed determined to evade Kepler, and while attending to the 
Harmonice, the Thirty Years’ War broke out (indeed, it did so in the same 
month, May 1618, that Kepler discovered the third planetary law). Despite 
these enormously unsettling events, Kepler finished and published the 
Harmonice and the remaining books of the Epitome. 

Despite Kepler’s search for peace in heavenly harmonies, he seemed 
to have found strife there as well. As I argue in chapter 6, Kepler was un- 
able to construct a fully satisfying harmonic archetype, which must have 
troubled him enormously. One cannot help but wonder if Kepler found it 
fitting that even the heavens reflected the trouble experienced on Earth; he 
even remarked that, “The Earth sings MI FA MI, so that even from the 
syllable you may guess that in this home of ours MIsery and FAmine hold 
sway” (HM 440; KGW VI, 322). 

In 1626 Kepler moved from Linz to Ulm and completed the Rudolphine 
Tables. More so than his earlier works, these tables secured his fame, for 
they were the most extensive and accurate astronomical tables yet pro- 
duced. It was on the basis of these tables that many seventeenth-century 
astronomers read his other works (Russell 1964). 

Kepler did not have many years left to live. He did, however, experience 
two personal events that brought him great happiness. One was the mar- 
riage of his daughter Susanna to Jakob Bartsch, a young student of astron- 
omy and medicine who helped Kepler with the calculation of ephemerides 
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(these are computed positions of the sun, moon, and the planets for every 
day of a given year). The other was the birth of another daughter by his 
second wife, Susanna Reuttinger (which he announced in a letter to 
Philipp Miiller, April 1630; KGW XVIII, 429-30). In 1627 Kepler left 
Ulm and ended up in Sagan. Then, in 1630, Kepler started on a journey 
from Sagan to Linz to collect the money still owed him, and to give the 
ephemerides volume he had completed to Wallenstein (who had been 
Kepler’s patron and friend from some years now). On a stopover in Re- 
gensburg, he took ill and died. 

During his fifty-nine years, Kepler wrote many works that changed the 
face of astronomy and contributed greatly to optics, celestial physics, and 
what we now call philosophy of science, all while enduring personal and 
political hardships the likes of which it is difficult to imagine. Although I 
have barely covered the rich and remarkable texture of Kepler’s life,’ it 
should be clear why Kepler scholars tend to express not only deep admira- 
tion for the work but real affection for its author. As Caspar writes; 


It is the halo of his personality which draws many under his spell, the nobility of 
his character which makes friends for him, the vicissitudes of his life which 
arouse sympathy, and the secret of his union with nature which attracts all those 
who seek something in the universe beyond, and different from, that which rig- 
orous science offers. In their hearts they all quietly bear veneration and love for 
this exceptional man. For no one who has once entered the magic sphere that 
surrounds him can ever escape from it. (Caspar [1959] 1993, 13) 


Kepler’s Astronomical Inheritance 


To get a sense of the astronomy Kepler inherited, one needs to begin with 
Aristotle’s celestial physics and Ptolemy’s mathematical astronomy, for 
despite the developments in physics and astronomy over the centuries, 
the conception of the heavens passed on to Kepler was essentially that of 
antiquity. 

Aristotle viewed the universe as divided into two main regions, the celes- 
tial and the terrestrial. He conceived the terrestrial to be a place of imper- 
fection and change, composed of four elements (earth, water, fire, and air). 
Each of these elements moved in accordance with its natural inclination: 
earth and water are essentially heavy and so move downward; air and fire 
are essentially light and so move upward. The directions up and down were 
defined relative to the center of the universe, the Earth. 

Celestial bodies did not fit into this terrestrial classification system be- 
cause by all appearances they moved neither up nor down but in a circle. 
The heavens were believed to be the realm of perfection, and the circle and 
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sphere the most perfect geometrical figures since they represent perpetual 
unchanging motion. It was obvious, then, to infer that the natural motion 
of heavenly bodies was circular. Moreover, because the essential nature of 
a body determines its natural motion, and because celestial bodies do not 
travel in any of the directions natural to the four terrestrial elements, they 
must be composed of a fifth (more perfect) element, one not found on 
Earth (Aristotle, De caelo, bk. 1, ch. 2). The natural physical explanation is 
that spheres exist in the heavens and rotate, carrying the bodies with them. 
Notice that in this system, the focus is not on the orbit of the observed 
body but on the mechanism that carries it around. The path of the body is 
an epiphenomenon. Not until Kepler did the planet’s orbit become a phe- 
nomenon of principal interest. 

The business of accounting for celestial phenomena by appealing to 
eternally rotating spheres would be a simple matter were it not for the 
irregular motion of the planets (which Ptolemy referred to as the five wan- 
dering stars). The planets have a daily westward motion with the stars, and 
a gradual eastward motion through the stars; for example, Mars takes an 
average of 687 days to complete its eastward circuit through the stars. But 
they also undergo periods of retrograde motion. Retrograde motion is 
when the planets slow down, then move backward (to the west), and then 
resume their course eastward. 

Aristotle had inherited a very clever way of accounting for this motion 
using only concentric spheres (he cited Eudoxus and Callippus; Metaphys- 
ics, bk. 12, ch. 8, 1073b18-31). The basic model from Eudoxus has the 
planet placed on a sphere which turns on its axis (figure 1.2a). The poles of 
this sphere are embedded in another sphere, that rotates around a different 
axis (figure 1.2b), and the poles of the second sphere are embedded in a 
third sphere (figure 1.2c). The two innermost spheres, which rotate in 
opposite directions, produce a planetary path that resembles the infinity 
symbol, or a reclining figure eight. The third sphere carries the planet 
eastward through the stars, and a fourth sphere (not shown) carries the 
planet westward to produce its diurnal motion. Under the physical (meta- 
physical) constraint of uniform circular motion, one could still vary pole 
placement and circular velocity of the individual spheres to produce a va- 
riety of patterns.° In modifying this system, Aristotle added to Callippus’s 
thirty-three spheres another twenty-two for a fifty-five-sphere model. 
Thus, though the physical principles were simple, the resulting model was 
quite complex. 

This system had a powerful influence on physical and qualitative ac- 
counts of the heavens up to Kepler’s time (although the greatest influence 
on mathematical astronomy was the Ptolemaic system). The physical prin- 
ciples had not gone unchallenged before Kepler, but they remained a part 
of the orthodoxy until Kepler finally rejected them. The first of these 
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Figure 1.2. Eudoxus and the Homocentric Spheres 


principles is the absolute distinction between the celestial and the terres- 
trial. Not only did the celestial move in a manner foreign to terrestrial 
bodies, but it was made of an altogether different kind of material. This 
principle left the door wide open for skepticism about our ability to know 
anything about the heavens. One could not use information obtained by 
studying Earthly objects in one’s exploration of the heavens. According to 
Aristotle, celestial physics and terrestrial physics were two completely dis- 
tinct disciplines (Postertor Analytics 79a8—12, 81b4; Physics 193b22-194b15; 
Metaphysics 1036a4-13). To complicate matters further, the author of the 
pseudo-Aristotelian Mechanics’ (847a10-30) held that, although terrestrial 
physics was related to mechanics, they were not the same discipline; in- 
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deed, terrestrial physics was the study of natural motion and mechanics the 
study of unnatural motion. 

Second, the idea of perfect circular motion was such a compelling and 
beautiful idea that it seemed impossible to consider any other kind of geo- 
metrical figure in constructing planetary models. Later the idea was fur- 
ther entrenched by the Judeo-Christian conception of the universe as cre- 
ated by a benevolent God (who surely would choose to create the heavens 
to represent perfection). Moreover, by Kepler’s time there was a long and 
successful tradition of representing planetary paths using only circles. Prior 
to Kepler’s work in the Astronomia, there was no reason even to suspect 
that planetary motions were noncircular. 

The third and related notion is that of the uniform velocity of the 
spheres. To conceive the sphere as rotating nonuniformly would be an 
anathema to the reasons for choosing the sphere in the first place, since the 
sphere represents eternal unchanging motion. Besides, to all appearances, 
the fixed stars rotate around the Earth uniformly. It was both reasonable 
and philosophically defensible to assume that all motions in the heavens 
are uniform. 

Finally, it is important to note that, though this style of reasoning may 
appear to the modern mind as metaphysical, it was considered physical. 
The hallmark of Aristotelian physics was to infer what an object would do 
from the idea of its essence. Indeed, when Kepler argued that it was per- 
missible to use physical considerations in astronomy, he appealed to Aris- 
totle as predecessor (discussed in chapter 5). 

Claudius Ptolemaeus (second century a.v.) was the first to leave us a 
detailed mathematical astronomy in a work originally titled Mathematical 
Treatise or Mathematical Collection but now more commonly known as the 
Almagest. The Almagest is a mathematically and empirically rigorous treat- 
ment of spherical astronomy, planetary theory, solar and lunar theory, and 
eclipses. For our purposes, a simplified discussion of Ptolemy’s planetary 
theory will suffice. 

In the Almagest Ptolemy developed the theory of epicycles—which he 
credited to Apolonius and other mathematicians in book XII, section | of 
the A/magest—to account for the retrograde motion of the planets. The 
basic epicyclic model employs a main circle, known as the deferent, and a 
secondary circle, known as the epicycle (figure 1.3). If the planet is placed 
on the epicycle at P, which rotates counterclockwise, and the center of the 
epicycle at point C also rotates counterclockwise, the path traced out by 
the planet will form loops. One can vary the relative sizes and velocities of 
the two circles to trace out a variety of figures. 

While the epicyclic theory could account for the retrograde motion of 
the planets, there were still other irregularities that needed to be dealt 
with. The sun and the moon, though they do not retrogress, spend a 


22 


Figure 1.3. A Basic Epicyclic Model 
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Figure 1.5. The Equant 


greater amount of time on one side of the circle than the other. To save the 
principle of uniform circular motion, the main circle could be placed with 
the Earth off-center at O rather than at C (figure 1.4). This device, known 
as an eccentric, would explain why the sun spends extra time between the 
vernal (VE) and autumnal (AE) equinoxes. Another device is that known as 
the equant, where the angular velocity is uniform with respect not to the 
center but to some other point. In figure 1.5 the center of the circle is M, 
and the equant point, E. Angle AEB is equal to angle CED, but arc CD is 
larger than arc AB. So while the angular velocity is constant, linear velocity 
is variable. This has the effect of separating the center of uniform motion 
from the center of constant distances. The standard model in its simplest 
form used by Ptolemy to account for the planets was one with a “bisected 
eccentricity,” which is where the Earth O, the center of the sphere M, and 
the equant point E are all placed on the apsidal line (the line between 
perigee [P] and apogee [A], which are the points on the circle least and 
most distant from the Earth respectively) such that the distance from the 
Earth to the center is equal to the distance from the center to the equant 
(figure 1.6).° 

Strictly speaking, the Ptolemaic system was not fully compatible with 
the physical account of the heavens of the Aristotelian tradition, because it 
posited motions around centers other than the Farth as well as nonuniform 
motion. This tension gave rise to a number of different responses, help- 


fully taxonomized by Jardine (1984, ch. 7). 
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P ‘ 
Figure 1.6. The Bisected Eccentricity 


Some responded by providing rival cosmologies. Nicholas de Cusa 
(1401-1464), whom Kepler referred to as “divine,” argued in his De docta 
ignorantia on Neoplatonic grounds that the Earth moves (bk. II, ch. XT). 
Key in his arguments is the role that aesthetic considerations of geometri- 
cal figures play (similar considerations occupy a central position in Kep- 
ler’s cosmology). Girolano Fracastoro (1483-1553) and Giovanni Battista 
Amici (1511?-1538) challenged the Ptolemaic system by offering concen- 
tric theories—that is, geocentric theories devoid of epicycles and eccen- 
trics Jardine 1984, 231). Giovanni Pontano (1426-1503), in his De rebus 
coelestibus, rejected the idea of material spheres and proposed that the 
heavens are made of fluid, which the planets moved through “like birds in 
the air or fish in the sea.” (This position was mocked by Kepler, who ob- 
served that the planets lacked the necessary appendages to swim or fly; AN, 
377; KGW IIL, 237.)!° 

In a more conventional vein, Georg Peurbach (1423-1461) provided an 
influential account of the material nature of the Ptolemaic mechanisms 
in Lheoricae novae planetarum. In this account, the epicycles were like 
globes enclosed within and carried by the rotating spheres. In figure 1.7, 
the center of the epicycle is at C, the planet at P, the center of the deferent 
at M, the equant point at E, and the Earth at O. Following up on Peur- 
bach’ work, Christoph Clavius (1537—1612) promised (but did not pro- 
vide) a mechanical explanation of the equant (Lattis 1994, 69; notice that 
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Figure 1.7. The Solid Spheres 


this is a rival to the Aristotelian position since it runs contrary to concen- 
trism). The solid-spheres models had been seriously challenged by the 
time Kepler arrived on the scene. Jean Pena argued that if there were solid 
spheres, light would refract in certain ways incompatible with observation 
(Euclidis optica et catoptrica, 1577; cited in Jardine 1984, 230). Tycho Brahe, 
based on his observations of the comet of 1577, argued to Kepler’s satisfac- 
tion that one could determine empirically that the comet passed through 
areas where the spheres should have been (Apologia, 206-7; KGW XX1, 
61-62). 

Averroists like Alessandro Achillini (1463-1512), Agostino Nifo (ec. 
1469-1538), Girolamo Fracastoro (1483-1553), and Giovanni Amici 
(1511-38) claimed on the basis of Aristotle’s Metaphysics and De caelo that 
Ptolemaic astronomy must be false, because it uses postulates other than 
concentric spheres (Jardine 1984, 231-32). 

Others resolved the tension by denying astronomy and physics the ability 
to provide knowledge about celestial motions, on the grounds that the 
heavens are so remote and so foreign that we cannot hope to understand 
celestial causes. Jardine tentatively includes in this camp Giovanni Gio- 
viano Pontano (1426-1503), Pierre de la Ramée (1515-72), Francesco 
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Patrizi (1529-97), Nicodemus Frischlin (1547-90), and Christian Wur- 
steisen (1544-88) (Jardine 1984, 232-37). 

Most sixtecnth-century thinkers, however, took a more moderate, epis- 
temologically cautious approach. Many were skeptical about the reality of 
epicycles and eccentrics and, on the basis of Aristotle’s distinction between 
the subject matter of physics and that of mathematical astronomy, held that 
mathematical astronomy could not yield knowledge about the causes of 
motion (Osiander, the author of the anonymous “Letter to the Reader” 
introducing Copernicus’s De revolutionibus, is one of the more famous au- 
thors to hold this position: Jardine 1984, 237-43). This position was not 
radically skeptical like the one mentioned in the preceding paragraph, be- 
cause physics was still considered capable of providing some knowledge of 
the heavens. 

This was the astronomy Nicholas Copernicus (1473-1543) inherited. 
My treatment of Copernicus will be very brief because my interest is more 
with the state of astronomy resulting from his contributions than with his 
grounds for rejecting geocentrism, how many epicycles were used in his 
system, whether his approach was radical or conservative, and so on.!! As 
is well known, Copernicus’s main contribution to astronomy was to liber- 
ate the Earth and set it into motion around a stationary sun. Under this 
system, the planets do not actually retrogress; rather, apparent retrogres- 
sion is explained by the Earth passing (in the case of the outer planets) or 
being passed by (in the case of the inner planets) the other planets. 

Although Copernicus’s innovation was a significant achievement, the 
Copernican theory is at base a variation on Ptolemaic astronomy, albcit a 
radical one. An understanding of this point explains how Ptolemaic as- 
tronomy, though false, enjoyed such a high degree of predictive success. In 
figure 1.8a, the Earth is at O, and the planet at P (this is a figure for the 
outer planets). Under the Ptolemaic system O is stationary, the sun is 
somewhere on the line OS’, the distance between the Earth and the center 
of the epicycle at C is R’, and the radius of the epicycle is r^. Under the 
Copernican system, O now moves around stationary point S (the sun) with 
radius r, and the distance from the sun to the planet at P is R. Because the 
four lines form a parallelogram in which r/R = r’/R’ and the direction OP 
from the Earth to the planet is the diagonal, the Copernican system effec- 
tively exchanges the epicycle of the planet for the annual motion of the 
Earth. The two theories, in their simplest forms, are geometrically equiva- 
lent. In the case of the inner planets, the epicycle is exchanged for the orbit 
of the planet around the sun, and the radius of the deferent is exchanged 
for the distance from the Earth to the sun. In figure 1.8b, under the Prole- 
maic system, the Earth is at O, the planet at P, the sun somewhere on the 
line OS’, the epicycle radius is r’, and the distance from the center of the 
epicycle to the Earth is R’. Under the Copernican system, the sun is at S, 
the Earth-sun distance is R’, and the sun-planet distance is r’. 
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Figure 1.8. The Equivalence of the Copernican and Ptolemaic Hypotheses 
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Knowing the outcome of this story might mislead us into thinking that 
heliocentrism was the obvious rational choice, but Copernicus’s theory 
faced obstacles.!? First, we see the stars, the sun, and the planets moving 
around the Earth. Geocentrism has the advantage here in that it respects 
the appearances, whereas heliocentrism has to explain them away—a 
minor problem, of course, but there were other more serious problems for 
Copernicanism. 

Given the empirical data then available, there were no compelling em- 
pirical grounds to prefer the Copernican system to the Ptolemaic. Indeed, 
there were empirical grounds for rejecting Copernicanism. Because under 
heliocentrism the Earth is moving around the sun, it is also moving relative 
to the fixed stars. Because the distance to the sphere of the stars was 
thought to be about 20,000 Earth radii, the stars ought to appear as though 
shifting from side to side. In figure 1.9, because the Earth travels from E, 
to E,, the star S should look like it is moving from S, to S,. But this effect 
was not observed. One could suppose, as Copernicus did, that the region 
of the fixed stars is sufficiently far away that such an effect would not be 
visible to the naked eye, but this raises another problem. Given the appar- 
ent diameters of the stars (believed to be 1’ or even 2’ for brighter stars), if 
they were as far away as Copernicus required (De revolutionibus, bk. 1, ch. 
10), then they would be unbelievably large (over 200 times the size of the 
sun). Galileo was able to remove this objection when he noticed that stars 
observed through the telescope appeared much smaller than they did to 
the naked eye. But the appearance of the annual displacement of the stars 
was not correctly observed until 1838. 

In addition, setting the Earth in motion raised all sorts of physical prob- 
lems. How is it that heavy objects fall toward the center of the Earth if the 
Earth both rotates on its axis and around the sun? Why is it that we do not 
observe the effects of these two motions of the Earth on flying bodies, or 
on the behavior of clouds? Copernicus offered an Aristotelian answer. Be- 
cause it is natural for the Earth as a spherical body to rotate, everything 
that belongs in the terrestrial region is carried along with the body of the 
Earth (De revolutionibus, bk. 1, ch. 8). This answer to the problem was 
reasonable, given that it was motivated by the conventional physics of that 
period in its appeal to notions of natural motion and the movement of 
bodies to their natural place. 

One of the advantages of the Copernican theory is that one can use it to 
determine the order and distances of the planets without making arbitrary 
assumptions (De revolutionibus, bk. 1, ch. 10). Under the Ptolemaic system, 
for any individual planetary model, the ratio of the radius of the deferent 
to the radius of the epicycle can be determined empirically, but only indi- 
vidually, and the values of the radii cannot. More important, because there 
is no common unit of measurement between the different planetary mod- 
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Figure 1.9. Stellar Parallax 


els, one cannot determine empirically the relative distances of the planets. 
Under the Copernican system, the distances of all the planets are measured 
in terms of the radius of the Earth’s orbit. In figure 1.8a, since the ratio of 
r:R can be determined, and since under the Copernican theory r (the ra- 
dius of the Earth’s orbit) is the same for all the planetary models, one can 
empirically determine planetary distances in terms of unit r. 

This advantage could be turned against Copernicanism, however. Be- 
cause the planetary distances under the Ptolemaic theory were not fixed, it 
was possible to model them such that the spheres of each planet would nest 
one on top of the other. This arrangement was physically plausible and 
metaphysically appealing. Under the Copernican system, the distances be- 
tween the planets did not seem to follow any rule (the distances between 
the various planets were not equal, nor did they appear to increase or de- 
crease in any mathematically sensible manner). The spheres would either 
have to have arbitrarily sized spaces between them, or would have to vary 
arbitrarily in thickness. Either alternative was implausible and aesthetically 
unappealing. Moreover, given that the world was assumed to be a created 
world, it would be difficult to explain why God would chose such an un- 
attractive and arbitrary construction. 


30 . CHAPTER 1 


If that wasn’t bad enough for Copernicanism, Tycho Brahe introduced 
a theory (in De mundi aestherei recentioribus phaenomenis liber) in which the 
Earth was stationary, the sun went around the Earth, and the planets re- 
volved around the sun. For those wishing to maintain the Earth’s station- 
ary status, this alternative would have been appealing. 

To make matters more complicated, the availability of more than one 
empirically adequate predictive system jeopardized the support that suc- 
cessful prediction might otherwise provide for any particular theory. The 
problem is this: if two contradictory hypotheses, at least one of which must 
be false, can make the same correct prediction, then predictive success can- 
not be used as an indication of the theory’s truth (Kepler was to address 
this matter in the Mysterium, the Apologia, and the Astronomia). 

Kepler came to realize that, given the lack of decisive empirical evidence 
for Copernicanism (and, indeed, some against it), the aesthetically un- 
appealing Copernican distances, concerns about the plausibility of a mov- 
ing Farth, and skepticism concerning astronomical hypotheses in general, 
any defense of Copernicanism would have to be on methodological, physi- 
cal, or aesthetic grounds. 

There were, however, considerable epistemological and‘ conventional 
barriers to defending Copernicanism on extra-astronomical grounds. 
Westman (1980, 105-8, 133), in his excellent study of the institutional and 
social status of astronomers in the sixteenth century, examines the barriers 
to interdisciplinary work between astronomy, physics, and philosophy. He 
argues, citing evidence such as Osiander’s anonymous “Letter to the 
Reader,” that if physical conclusions are drawn from astronomical argu- 
ments, the structure of the liberal arts, as established by Aristotle, will be 
thrown into disarray. Aristotle claimed that each discipline has its own 
subject matter, which must be approached with the principles appropriate 
to that subject matter. In particular, knowledge was to be obtained through 
deductions based on essential properties delimited by and particular to 
each discipline. As a result, it was not obvious that one could draw physical 
conclusions from astronomical arguments, or astronomical conclusions 
from physical arguments. 

There was some evidence for the legitimacy of Aristotle’s position, at 
least as it pertained to astronomy. As already'mentioned, since the advent 
of empirically adequate rival astronomical theories, it became clear that 
predictive success in astronomy could not by itself speak to the truth. The 
Aristotelian explanation for this problem is that because astronomy studies 
motion mathematically, and because the mathematical features of a dy- 
namic system are accidental rather than essential properties of that system, 
and because knowledge is knowledge of essences, astronomy could not 
yield knowledge. This explanation was seized upon by many in the fif- 
teenth and sixteenth centuries for it resolved the tension between astron- 
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omy and physics by reducing the former to a merely predictive discipline 
(more on this in chapter 5; see also Jardine 1984, and Duhen [1908] 1969), 

In addition, the institutional status of the astronomer (and mathemati- 
cians generally) was relatively low in the sixteenth century. The universi- 
ties did not have departments of chairs of astronomy or mathematics. 
Those who studied astronomy or mathematics did so in the process of 
seeking a degree in law, theology, or medicine (both Kepler and Maestlin 
studied astronomy as a part of their theological training, Westman 1980, 
117-18). The social position of the mathematician was accordingly low 
and encouraged little beyond the provision of service instruction (West- 
man 1980, 120). 

During this period, university reformers both Protestant (especially 
Melanchthon) and Jesuit (such as Christoph Clavius) were struggling to 
improve both the state of the art and the status of mathematical disciplines, 
including astronomy. At the same time there were increasing opportunities 
for astronomers to gain employment outside the university system (as 
court astronomer, for instance). Tycho Brahe made it clear that, unlike his 
position as court astronomer, a university position would place restrictions 
on his work that he could not tolerate (Westman 1980, 121-23). The as- 
tronomical milieu, then, was in flux, allowing greater opportunity for con- 
ducting innovative research. 

Kepler's astronomical inheritance came most directly from Michael 
Maestlin (one sees this influence most clearly in Kepler’s first chapter of 
the Mysterium). Maestlin was a well-respected astronomer and did signifi- 
cant work in promoting Copernicanism. Macstlin found that the trajectory 
of the comet of 1577 could not be satisfactorily resolved under a geocentric 
theory but could be under a heliocentric one. This result, coupled with the 
superior elegance and simplicity of the Copernican theory, persuaded 
Maestlin that it was true (Westman 1975, 333), and he impressed these 
arguments upon Kepler (MC, 63; KGW I, 7: elegance and simplicity are 
discussed in chapters 2 and 3). Maestlin also provided a most lucid account 
of planetary theory, which he appended to Kepler’s Mysterium. This ac- 
count considerably improved the Copernican theory, rejecting the plane- 
tary values given by Copernicus and using instead those Maestlin himself 
calculated from Erasmus Reinhold’s 1551 Prutenic Tables (Grafton 1973, 
523-32). 

Despite Maestlin’s interest in the empirical and mathematical aspects 
of Copernicanism, he had no interest in using physical arguments in this 
context. Indeed, on the grounds that such arguments in astronomy were 
methodologically improper, he chided Kepler for using them (Maest- 
lin’s letter to Kepler, September 21, 1616; KGW XVII, 186-88). So while 
Maestlin tutored Kepler in technical astronomy, and inculcated an ap- 
preciation of the mathematically harmonious aspects of the Copernican 
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system, he neither inspired nor encouraged Kepler’s unusual interest in 
examining astronomical phenomena physically. He did, however, support 
Kepler's interest in archetypally explaining the structure of the heavens, 
which, as we shall see, played a critical role in justifying Kepler’s ground- 
ing of astronomy in physics. 


Kepler’s Philosophical Inheritance 


It would be impossible to survey the wealth of philosophical activity in the 
Renaissance in such a short space, for these times were marked not only by 
political, religious, technological, and cultural change, but philosophical 
change as well. Numerous books have been written on this topic (Gilbert 
1960; Schmitt 1975; 1983; and Kristeller 1979, to name a few), and rather 
than repeat their work, I focus briefly on some of the philosophical trends 
that are of particular relevance to Kepler’s work. A fuller picture of these 
trends, and the bearing they had on Kepler’s thought, will emerge in the 
course of this book. 

One gencral philosophical problem of concern to Kepler was the proper 
method of natural philosophy. Kepler was not alone, however; during his 
time there was a lively interest in methodology and epistemology. 

The classical account of method is in Aristotle’s Postertor Analytics. As 
already mentioned, Aristotle recommended that a proper scientific ac- 
count of natural phenomena was to reason philosophically from essences 
to effects. Because the cornerstone of knowledge in natural philosophy is 
the essences of objects, knowledge about one class of objects is not obvi- 
ously transferable to another class. Therefore, even if it seems obvious to 
the modern mind that natural and constructed objects are subject to the 
same laws of motion, under the Aristotelian conception, because these two 
classes of objects have different essences, they are not obviously subject to 
the same laws. By the same token, because celestial and terrestrial bodies 
belong to different classes of objects, the laws of terrestrial physics may not 
transfer to the study of celestial bodies. In addition, because the mathemat- 
ical features of objects were not thought to be part of the essential nature 
of those objects, it was not obvious that mathematical methods could be 
legitimately used in physics. 

Although the Aristotelian account of method had fallen under critical 
scrutiny by Kepler’s time, and indeed had fallen completely out of favor 
with some—Francis Bacon, for example, accused Aristotle of contaminat- 
ing natural philosophy with his logic (Novum organon, bk. 1, sect. 54)—it 
was still extremely influential, and (as I argue in chapter 5) Kepler took it 
quite seriously. 
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At Tübingen University, Aristotle’s Posterior Analytics was taught by An- 
dreas Planer (one of Kepler’s teachers). Planer followed Aristotle in hold- 
ing a priori demonstrations from causes to effects (based on the object’s 
essence) in higher regard than a posteriori reasoning from effects to causes 
(Methuen 1998, 182). This convi¢tion was echoed in Kepler's discussion of 
his achievement in the Mysterium. Kepler did disagree with Planer’s Aris- 
totelianism on one significant point; unlike Planer, Kepler believed that 
mathematics could legitimately and fruitfully be applied to other disci- 
plines (Methuen 1998, 199), although, as we shall see in chapter 5, he could 
justify this application in an Aristotelian fashion. Both Maestlin and Georg 
Liebler, who taught Kepler Aristotle’s Physics and De caelo, held that math- 
ematics, the study of quantity, does not concern itself with motion or 
change, as docs physics, and consequently the two disciplines are distinct 
(Methuen 1998, 194). Maestlin also objected to Kepler’s merging of math- 
ematical astronomy and physics from the other side. As mentioned earlier, 
he complained that, by using physics in astronomy, Kepler was not confin- 
ing himself to the proper method of astronomy. Liebler, however, viewed 
mathematics and physics as addressing the same objects from different per- 
spectives (Methuen 1998, 194), and this connection is very important for 
Kepler’s work. 

Equally important was the rising prominence of the mathematical disci- 
plines. As already noted, the status of mathematics had been poor, and 
many felt that the mathematical arts were held in inappropriately low es- 
teem (indeed, Kepler cited the poor regard for teaching astronomy as a 
reason for his reluctance to go to Graz). As a result, there was a kind of 
self-conscious mission to revitalize mathematics. In the sixteenth century, 
editors of Aristotle’s Posterior Analytics began advising readers of the need 
to understand geometry in order to understand the Posterior Analytics (Gil- 
bert 1960, 86-88). Practitioners of the mathematical arts were being 
praised by influential figures. Melanchthon, for example, hailed Peurbach 
and Regiomontanus as “restauratores” of the mathematical arts (cited in 
Jardine 1984, 264). University reformers worked hard to raise the status of 
mathematics and to improve the position of mathematicians in the univer- 
sity system. This mission continued into the seventeenth century, when 
many, like Brahe in De disciplinis mathematicis oratio, introduced their trea- 
tises with discussions on the excellence and certainty of mathematical 
method, and its practical utility in other disciplines (in Brahe’s case, this 
work primarily concerns astrology). 

Kepler encountered Tübingen in the middle of this transition. Although 
mathematics was still seen as subordinate to theology, many of the faculty 
were beginning to hold it in higher esteem. Like Brahe, Planer approved 
of the certainty of mathematics proofs, though he did not believe that such 
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proofs should be used in other disciplines. Liebler, however, lauded Jacob 
Schegk (who was at Tiibingen from 1536 until 1577) for applying mathe- 
matical proofs to other areas of philosophy (Methuen 1998, 199). Simon 
Grynacus, who was in Tübingen from 1534 to 1535, believed that the 
clarity of mathematical proofs could aid in the interpretation of obser- 
vations (Methuen 1998, 168-69). 

The mechanical arts were also attracting attention, partly because me- 
chanics was a successful discipline, and partly because it was a physical 
discipline that made effective use of mathematical demonstrations.’ 
Kepler was greatly impressed by the mechanical arts, and he proposed that 
the world is a machine to be explained by mechanical principles.'® 

There was also a renewal of interest in Platonism and Neoplatonism, a 
result in part of the Renaissance commonplace that Plato was the patron of 
mathematics. Also, Plato’s conception of a transcendent unchanging real- 
ity (the doctrine of the forms) was taken up by a number of thinkers, in- 
cluding Nicholas de Cusa (1401-64) Marsilio Ficino (1433-99), Pico della 
Mirandola (1463-94), and Robert Fludd (1574-1637).!’ Kepler himself 
called Plato and Pythagoras his true masters (in a letter to Galileo, Octo- 
ber 13, 1597; KGW XIII, 145; translated in Baumgardt 195141), presum- 
ably on the basis of the shared belief in a mathematical metaphysics. The 
Neoplatonic doctrine of emanation (that the one true reality radiates from 
itself al] aspects of reality and is thus reflected in all things) in the writings 
of Plotinus (a.D. 205-70), Proclus (a.D. 410-85), and later Nicholas de 
Cusa was also influential and is evident in Kepler’s thought. 

Kepler was particularly impressed by Proclus’s Platonic position that the 
mind is created with the imprint of mathematical ideas. Kepler’s inter- 
pretation of Proclus was distinctly Christian, as we can see from this pas- 
sage that Kepler quoted, adding his own clarifications in brackets, from 
Proclus: 


Then it will have to be supposed that the soul itself is the generator of mathematical 
species and concepts. But if, containing them in itself as first patterns or paradigms, it 
makes them take their essential character, in such a way that their generation (the 
Christian understands, the creation of sensible things) és nothing but the propaga- 
tion of species which were previously in it (that the mathematical reasons for the 
creation of bodies were coeternal with God, and that God is pre-eminently soul 
and mind, whereas human souls are images of God the Creator, even in essen- 
tials in their own way, is known to Christians) then we shall agree with Plato, in 
saying this, and the true essence of mathematics will bave been discovered by us. (HM, 


299; KGW VI, 219; emphasis in original). 


Kepler also agreed with Proclus that mathematics, by revealing the struc- 
ture of our thought, could, in virtue of the doctrine of emanation, reveal 
the structure of the world. This idea was so important to Kepler that he 
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opened the Harmonice with a quotation from Proclus’s commentary on 
Euclid’s Elements: 


(Mathematics) contributes things of the greatest importance to the study of na- 
ture, both revealing the orderly nature of the reasoning, in accordance with 
which the WHOLE has been constructed, and so on, and showing that the 
simple and primary elements, by means of which the whole of the heaven was 
completed, having taken on the appropriate forms among its parts, are con- 
nected together with symmetry and regularity. (IM, 7; KGW VI, 13) 


Kepler called Nicholas de Cusa divine for asserting that the figure of the 
sphere represents God (MC, 93; KGW I, 23). It is not clear whether Kep- 
ler’s interpretation is the same as Cusa’s; Cusa claimed that the center and 
the circumference are one and the same in God (De docta ignorantia, bk. II, 
ch. 12). Kepler tended to speak of the divine sphere in spatial terms, but 
because the three parts of the sphere represent the ‘Trinity, it may well be 
that in God the center and circumference are the same thing. 

In her study of the curriculum at Tiibingen and the works of Kepler’s 
professors, Methuen (1998, 221) observes that, given Kepler’s Neopla- 
tonic inclinations, there was only a modicum of interest in Platonism and 
Neoplatonism at Tübingen. Such interest was not completely absent, how- 
ever. Liebler paid attention to Plato and the Pythagoreans, Planer dis- 
cussed both Plato’s Timaeus (which Kepler viewed as a commentary on 
Genesis in the Bible: HM, 301; KGW VI, 221) and the theory of forms, and 
Grynaeus wrote a preface to Proclus’s Neoplatonic commentary on Euclid 
(Methuen 1998, 99, 204). Kepler also was familiar with Nicholas de Cusa 
by the time he wrote the Mysterium. While the Neoplatonic movement in 
Italy was growing, there did not seem to be much awareness at Tübingen 
of the Italian Neoplatonists, with the exception of Pico della Mirandola 
(whom Liebler mentioned; Methuen 1998, 222). 

Kepler did not embrace the Neoplatonic movement uncritically. For 
example, he approved heartily of Cusa’s conception of a world structured 
by geometrical aesthetics, but took vehement exception to Fludd’s Neo- 
platonic metaphysics, in part on the grounds that it was so transcendent as 
to have nothing to do with the empirical world (Pro suo opere harmonices 
mundi apologia). It was of the utmost importance to Kepler that theories be 
empirically respectable. 

These trends—the legacy of Aristotle, the increased use of mathematics 
in physics, and rising interest in mechanics and Neoplatonism—did not fit 
easily into a coherent, programmatic system. For the natural philosopher 
wishing to draw from all of these, as Kepler did, the tension inherent in 
this complex of influences cried out for a solution. As a result, Kepler’s 
work in physical astronomy is a rich resource for the history of methodo- 


logical thought. 
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At the same time there was a renewed concern with observations, not 
just with making them, but with what to make of them. There are several 
issues here, all of which challenge the inference from observation to 
knowledge. 

First, there are the commonplace optical illusions that we learn to deal 
with as infants. A table does not change in shape while being viewed from 
different angles. People do not grow in size as they approach. These ordi- 
nary sorts of illusion do not overly concern us, but they can be used, as 
John Locke and George Berkeley did, to drive a wedge between appear- 
ance and reality. Kepler understood Patricius to have claimed in contrast, 
that such illusions are in fact veridical, and judgments to the contrary false. 
For this he chided Patricius: 


[O]ne who paid heed to him could not move a foot without granting that a 
miracle occurred. For where, walking through the fields, he encounters hedges 
and things near to his path, he would believe, on the testimony of the sense of 
sight, that distant mountains are really following. He would not use the judge- 
ment of reason, nor even consult the common sense. (Apologia, 155; KGW XX1, 
29) 


I 
These ordinary illusions thus called to Kepler’s attention the need to con- 
sider how it is that we interpret observations, and the conditions under 
which our interpretations are veridical.- 

The problem of the interpretation of observations becomes more com- 
plicated in the context of astronomy. The motions of the planets, for exam- 
ple, appear chaotic and disorderly (they slow down, speed up, go eastward, 
then westward), but it was taken for granted by most that this could not be 
how things really are. The world, surely, could not be as chaotic as it ap- 
peared. The resulting problem is both epistemological and metaphysical. 
First, how can one access how things really are? Does one transcend (ig- 
nore) appearances, as Fludd believed, or can one find an underlying order 
that allows the appearances to be predicted and explained? Second, how 
should one conceive of the relationship between appearance and reality? Is 
there such a relationship, and, if so, is the world of appearance an imperfect 
reflection of reality, or does reality produce appearances in an orderly and 
discoverable fashion? Kepler believed that the apparent disorder of the 
universe is produced in an orderly fashion by simple underlying principles. 
The job of the natural philosopher, then, was to uncover these principles 
and show how order explains the appearance of disorder. Hallyn draws an 
analogy between this belief of Kepler and mannerist aesthetics. Under the 
mannerist conception of art, what was aesthetically pleasing is to express 
how the monstrous and chaotic can be produced by a simple ordering prin- 


ciple (Hallyn [1987] 1990, 160). 
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Second, there was a growing concern with observational error. Nicho- 
las de Cusa claimed that we are likely to make errors in measurements, 
in part because our expectations will lead us to see things in one way 
rather than another (De docta ignorantia, bk. IL, ch. X). Francis Bacon also 
warned that the expectation of order will lead us to see things as more 
orderly than they really are (Novum organon, bk. 1, sec. 45). Both adduced 
astronomy as an example of where the problem of observational error is 
especially keen. 

Third, there was growing concern with the question of whether natural 
philosophers should process data or merely collect them. Bacon is often 
cited as commenting on what he saw as the three approaches to data: one 
can simply collect data, as an ant collects food; spin theories out of one’s 
mind, as a spider spins webs; or take the data and process them, adding 
something to them in the process, as a bee makes honey. Bacon advocated 
the third way, the way of the bee (Cogitata et visa [1607] VI, 616). I do not 
know whether Kepler read Cogitata et visa; yet he too argued that the mind 
should impose a rational order on data.!® 

Fourth, if the mind processes data, then this raises the question of whether 
our conception of reality can be true (if the mind simply reflects like a 
mirror, then the answer is obvious). One answer to this problem was to 
hold, as many did in Kepler’s time, that the ultimate structure of reality 
is imprinted on the human mind (as a result of our creation in God’s 
image, or more Stoically, our being microcosms in sympathy with the 
macrocosm). 

Fifth, there was the question of whether it is legitimate at all to move 
beyond observations, that is, to postulate hypotheses about what causes ob- 
servable phenomena. In this connection, Pierre de la Ramée (also known 
as Ramus, 1515-72) offered his professorship as a reward for anyone who 
could construct an astronomy without hypotheses (Prooemium mathemati- 
cum). In the Astronomia, Kepler cited as unfortunate the fact that Ramus 
was no longer alive, for he could have claimed Ramus’s chair. By this 
Kepler meant that he had indeed constructed an astronomy without hy- 
potheses, where a “hypothesis” is understood to be something completely 
unwarranted, rather than about the causes of phenomena. 

Also, as already mentioned, in astronomy there was a wedge between the 
truth of a theory and its predictive success, a problem highlighted by the 
availability of more than one empirically adequate theory. If true observa- 
tions can be derived from false theories, then it is not obvious in what sense 
observations support theories. This problem, perhaps more than any 
other, spurred Kepler to develop a methodological account that detailed 
the structural features a theory must have in order to be supportable by 
observation. 
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The various positions possible on these issues surrounding observations 
paved the way for a variety of methodological approaches and epistemo- 
logical stances on the kinds of conclusions that can be drawn legitimately 
from the a priori and a posteriori. We will see that in attempting to solve 
these problems, Kepler had much in common with important figures in 
early modern rationalism (in the final chapter I discuss some of the explicit 
and implicit references to Kepler in the writings of Descartes and Leibniz). 

Kepler’s proposal, in broad strokes, was that one can access truth by 
moving dialectically between the a priori and the a posteriori. The manner 
in which he did this was something of a novelty. As Maestlin wrote: 


The topic and the ideas [of Kepler’s Mysterium cosmograpbicum] are so new that 
up to now they never entered anybody’s mind. . .. For who ever conceived the 
idea or made such daring attempt as to demonstrate a priori the number, the 
order, the magnitude and the movements of the celestial spheres . . . and to elicit 
all this from the secret, unfathomable decrees of Ileaven! (Letter of Maestlin to 
Hafenreffer, June 1596; translated in Baumgardt 1951, 37) 


The reaction to this approach was mixed. Johannes Praetorius (a profes- 
sor from Altdorf) believed that such things belonged to physics rather than 
astronomy. Georg Limnäus (from Jena), by contrast, was pleased that 
somcone was approaching astronomy in a Platonic manner (Caspar [1959] 
1993, 69). Brahe was dubious that the a priori could improve an a posteri- 
ori discipline: “If astronomy will be restored through prior reasoning on 
the dimensions of regular solids, rather than from embracing accurate a 
posteriori observations ... we will anticipate this for far too long, if not 
altogether perpetually in vain before this task will be discharged” (Letter 
from Brahe to Maestlin, April 21, 1598; KGW XIII, 204).!° Yet later we 
find Descartes yearning for an a priori foundation for the study of the 
heavens, without which he thought any theorizing would be uncertain 
(Letter of Descartes to Mersenne, May 10, 1632; Kenny 1970, 23-24). 
Later still, Leibniz argued that physics must have metaphysical founda- 
tions. But the seeds for the rationalist use of the a priori in empirical stud- 
ies had already been sown, and Kepler’s rationalist commitments were in- 
strumental in his construction of the new physical astronomy. 


2 


The Mysterium cosmographicum 
and Kepler’s Early Approach 
to Natural Philosophy 


In 1621, looking back over an impressive career, Kepler commented that, 
“almost every book on astronomy which I have published since that time 
could be referred to one or another of the important chapters set out in 
this little book [the Mysterium cosmographicum), and would contain either 
an illustration or a completion of it” (MC, 39; KGW VIII, 9).! Because 
Kepler viewed the Mysterium, his first book, as the genesis of his later as- 
tronomical works, I begin my discussion of the relationship between 
Kepler’s philosophy and his new astronomy here. The Mysterium was writ- 
ten as an extended defense of Copernicus at a time when the empirical 
evidence did not favor the Copernican hypothesis over the Ptolemaic. 
Consequently, the defense had to be nonempirical, and Kepler based it on 
aesthetic, metaphysical, and methodological grounds. 

To the modern reader the Mysterium might seem a strange book indeed, 
belonging only in a library of curiosities. But it is important to bear in 
mind that this book was well received at the time of its publication and 
popular enough to warrant a second edition. It even impressed ‘Tycho 
Brahe, prompting him to invite Kepler to work for him. 


The Content of the Mysterium cosmographicum 


The Mysterium is primarily about Kepler’s notion of archetypes. Kepler 
believed that God created the world according to a plan. This plan, or 
pattern, is the archetype for the structure of the world (much like an archi- 
tectural blueprint). Kepler believed, following the Pythagoreans and Plato, 
that this pattern was mathematical in nature and aesthetic in character. 
Because God created the physical world as a representation of this pattern, 
an archetypal model explains why the universe is the way it is. To use 
Aristotelian language (as Kepler often did), archetypal explanations pro- 
vide an account of formal and final causes, rather than efficient or material 
causes (where an object’s formal cause is its essential shape, its final cause 
is its purpose, and its efficient cause is the mechanism of its creation).’ 
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Kepler explained the stationary aspects of the heavens (the sun, the fixed 
stars, and space) archetypally by drawing an analogy with the Holy Trinity. 
The idea was that the physical universe, in the shape of a sphere, is a unity 
with three parts, as is the Trinity. Via the geometrical analogy, then, the 
universe represents the Trinity: “the Sun in the center, which was the 
image of the Father, the Sphere of the Fixed Stars, or the Mosaic waters, 
at the circumference, which was the image of the Son, and the heavenly air 
which fills all parts, or the space and firmament, which was the image of the 
Spirit” (MC, 95; KGW I, 24). We see this move between the divine, the 
geometrical, and the physical repeatedly in Kepler’s work. Although it is 
not clear in this passage how the Trinity explains the stationary aspects, 
earlier Kepler was more explicit in a letter to Maestlin, saying that like 
God, the sun is an unmoved mover (October 3, 1595; KGW XIII, 35). 
This claim is not too surprising, given Kepler’s Neoplatonic leanings. 
Neoplatonists like Plotinus (whom Kepler frequently referred to, espe- 
cially in his letters)* “regarded light as a central feature of the world—at 
once a transcendental reality and a physical agent, one of the fundamental 
principles of cosmogony and epistemology, the source of life and move- 
ment, and a powerful theological symbol” (Lindberg 1986, 9)s Because the 
sun was seen as the main source of light in the universe, Kepler was under- 
standably inclined to ascribe to it the primary motive force as well. 

To explain the moving bodies, Kepler hypothesized that the five regular 
geometric solids (the cube, tetrahedron, dodecahedron, octahedron, and 
icosahedron), nested inside each other in an order determined by their 
importance, explain not only the sizes of the planetary orbits, but why 
there are exactly six planets. Spheres circumscribing the perimeters of each 
solid correspond to the relative sizes of the planetary orbits. Because there 
are only five regular polyhedra, only six spheres can be inscribed (there is 
a sphere surrounding the nest, which is why there are six spheres rather 
than five), thus explaining the number of planets. Figure 2.1 depicts, clock- 
wise from the upper left hand, the cube, tetrahedron, octahedron, dodeca- 
hedron, and icosahedron; figure 2.2 (from KGW VIII, between pps. 48 and 
49) depicts the nested-sphere model with which Kepler enthusiasts are no 
doubt familiar. The use of the polyhedra to explain the nature of physical 
objects was borrowed from the ancients. In Plato’s Timaeus, which Kepler 
referred to as “a commentary on the book of Genesis” (KGW VI, 221), the 
polyhedra were used to account for the nature of the basic elements.’ 

Kepler ordered the polyhedra on the basis of certain relationships to the 
sphere, on the assumption that the distinction between the sphere and 
other geometrical figures reflects the distinction between the Creator and 
the created (MC, 95; KGW I, 24). Next to the sphere, then, the more a 
figure resembles the sphere, the more perfect it is. The sphere is the sim- 
plest figure in that all points on the face are equidistant from the center, 
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Figure 2.2. Kepler’s Nested Sphere Model 


and the regular solids are the only solids that have equilateral and equi- 
angular equal faces. Kepler marks these features as signs of simplicity. The 
centers of the faces of the regular solids are equidistant from the center of 
the solids, and so the regular solids participate in some of the qualities, and 
hence some of the prestige, of the sphere. These features mark the poly- 
hedra off from other solids, thereby limiting the number of solids to be 
ordered (MC, 97, 101; KGW I, 25, 27-28). 

Kepler divided the solids into two classes. The primary class contains, in 
order of importance, the cube, the tetrahedron, and the dodecahedron. 
The secondary class contains, also in order of importance, the octahedron 
and the icosahedron. Kepler grouped and ordered the solids in chapters 3 
through 7 of the Mysterium. Because thorough summary of Kepler's order- 
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ing principles is provided by Field (1988, 53-60), I restrict myself to a 
partial survey of Kepler's reasons for the ordering of the solids as he did. 
The primary and secondary solids differ from each other in various ways. 
For example, the secondaries share the same type of face, a triangle, 
whereas the primaries each have a-different type of face. The vertices of the 
primaries join three faces, the minimum number for the formation of a 
solid, whereas those of the secondaries join four or five faces. Furthermore, 
the primary solids stand on a face, whereas the secondaries stand on a ver- 
tex: “For if you roll the latter [secondary] onto their base, or stand the 
former [primary] on a vertex, in either case the onlooker will avert his eyes 
at the awkwardness of the spectacle” (MC, 105; KGW I, 29). 

This statement is rather puzzling, for it is not obviously offensive, or 
unaesthetic, to stand any solid on either its face or its vertex. Field (1988, 
55) interprets Kepler to have meant that the appropriate standing of a solid 
depends on which standing gives it “rotational symmetry.” The primary 
solids rotate harmoniously only if the axis is drawn through the center of 
a face, whereas the secondary solids require an axis through the vertices. 
Hence, when motionless, the primaries should stand on a face and the 
secondaries on a vertex. This passage highlights the importance for Kepler 
of not affronting aesthetic sensibilities. For Kepler, an offense against aes- 
thetics is an offense against truth, for the world was ordered by God in an 
aesthetically pleasing manner. 

Figural composition also plays a role in Kepler’s ordering. The cube is 
the highest solid in part because it is the only solid with right angles, and 
because it is the only solid that can be generated from its face. The other 
figures are either compound or constructed from the cube (MC, 109; KGW 
I, 31). The tetrahedron follows the cube in part because it, along with the 
cube, generates the other figures. The remaining primary is the dodecahe- 
dron (MC, 111; KGW’J, 33). The octahedron is the more important of the 
two secondaries because it is more similar to both the cube and the tetrahe- 
dron. The remaining secondary is the icosahedron (MC, 113; KGW I, 33). 

The relative nobility of the regular solids determines their order in the 
nested model. The Earth’s orbit holds a unique position, dividing the pri- 
mary and secondary solids. The order of both primary and secondary sol- 
ids is of ascending importance away from the Earth, the primaries toward 
the fixed stars, the secondaries toward the sun. The primaries are outside 
the Earth because “containing is proper for the more perfect” (MC, 107; 
KGW I, 30). The order from the sun outward, then, is the octahedron, 
icosahedron, dodecahedron, tetrahedron, and, finally, the cube. The result 
is six orbits (the orbit of Mercury is between the sun and the octahedron; 
MC, 105-14; KGW I, 30-34). 

It strikes one that Kepler’s ranking of the polyhedra was not based solely 
on a priori grounds. Plato also ordered the polyhedra on the basis of figural 
composition, but he considered the tetrahedron most basic since it could 
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be used in the construction of the cube (Timaeus, 54-55d). Also, given 
Kepler's willingness to defy the authority of the ancients, he need not have 
based his ordering on the principle of figural composition. He could have 
ordered the solids on the basis of other spherical features. For example, the 
icosahedron has more faces than the other polyhedra, and hence is more 
like the sphere in the sense that it has more points equidistant from the 
center than any of the other solids. 

Given the position of utmost importance the Trinity analogy affords the 
sun, it also seems plausible to suppose that the order of polyhedra could 
just as well be reversed, with the most important figures closest to the sun.‘ 
Despite Kepler’s assertion that it is better to contain than to be contained, 
and despite the fact that the outer planets were generally considered supe- 
rior (MC, 107; KGW I, 30), these assertions by themselves do not fully 
explain Kepler’s particular ordering. After all, the most important body, 
the sun, is contained by all the polyhedra. 

Kepler, of course, was not trying to determine the order of the planets, 
but rather to justify the Copernican hypothesis, which he had already 
accepted. The justification draws from both empirical and aesthetic re- 
sources. Kepler first put the spheres in order on the basis of reugh empiri- 
cal data (MC, 99; KGW I, 27),’ and then constructed an aesthetic explana- 
tion of that order. Kepler believed that if one could construct an account 
on both empirical and aesthetic bases, it would likely be correct. 

The empirical and the aesthetic play two different roles in Kepler's 
thought. The empirical determines a model’s candidacy for explaining the 
world, and the aesthetic explains the final and formal causes of its structure. 
Because the universe is as it is for a reason, if a model is aesthetically prefer- 
able to its alternatives, one is warranted in holding that the model is not 
merely empirically adequate but explanatorily successful. 

Given, however, that Kepler was using his polyhedral model to justify 
results he already accepted, he was concerned to show that his model was 
not ad hoc. This is why his extended defense of the model is based on 
a priori rather than a posteriori grounds: “Now, it might seem fortuitous, 
and not the result of any cause, that the six spheres of Copernicus accept 
these five solids into the spaces between them, if their actual pattern were 
not the pattern in which I have placed them” (MC, 105; KGW 1, 29). We 
will see this pattern again in Kepler. Where Kepler speaks as though he 
derived the archetypal theory by a priori reasoning and then tested for fit 
against empirical data, it is more accurate to say that he first had the empir- 
ical pattern and then tried to fit to it an archetypal account. I take it that 
Kepler was insisting on the importance of the internal or theoretical plau- 
sibility of a hypothesis in addition to testing it for fit against either data or 
other theories. What Kepler seemed concerned with was the possibility of 
illegitimately manipulating hypotheses to fit the data—hence his insistence 
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that the “sphere of Copernicus accept these five solids” in the order he 
determined a priori. If, however, there is a tight fit between an internally 
plausible hypothesis and the data, the proposed order is likely the result of 
a cause—that is, a probable account 6f reality. 

After arguing for the polyhedral model on empirical and archetypal 
grounds, Kepler connected the polyhedra to astrological and musical con- 
cepts, a connection strikingly reminiscent of Ptolemy’s between astron- 
omy, astrology, and musical harmony. Kepler referred to Ptolemy’s Har- 
monics in the Mysterium, but did not have access to it at the time. (He 
requested the book from Herwart on September 14, 1599; KGW XIV). 
Kepler’s comments on harmony in the Mysterium were not forerunners to 
his Harmonice. As Stephenson (1994, 89) notes, Kepler’s early archetypes 
were exclusively geometrical. Kepler’s purpose was to show that the pat- 
tern that he saw in planetary movements was connected to other patterns, 
hence increasing the likelihood that he had found an archetypal pattern, a 
divine blueprint for the universe (MC, chs. 9-12). 

At this point Kepler considered the polyhedral hypothesis probable but 
in need of more empirical support (MC, 149; KGW I, 43-44). He then 
returned to a more careful analysis, using the polyhedral model to generate 
distances to be tested against distances calculated from Copernican data. 
The fit was close enough, giving further support to Kepler’s confidence. 
The following is Kepler’s table in chapter 14 (Table 2.1), based on Coper- 
nicus’s data calculated from the mean sun (the mean sun is a point in space 
just off the actual or true sun). I am following Field (1988) by supplying 
percentage errors for the purpose of comparing the calculations from the 
mean sun in tables 2.1 and 2.2 to those from the true sun in table 2.3. 

Kepler did not provide a separate table that included the moon, but he 
did tell us how to generate one (see ‘Table 2.2): 


But if the lunar system is allocated to the thickness of the Earth’s sphere, then if 
the inner surface of the Earth’s sphere, also including the Moon is 1000 units, 
the outer surface of the sphere of Venus is 847 units in Copernicus. Also, the 
outer boundary of the Earth along with the Moon is 801 units if the lowest point 
of Mars is 1000. (MC, 157; KGW’T, 48) 


Kepler was greatly encouraged by his results: 


Hence you can realize how easily it would have been noticed, and how greatly 
unequal the numbers would have been, if this undertaking had been contrary to 
Nature, that is, if God himself at the Creation had not looked to these propor- 
tions. (MC, 157; KGW I, 50) 


In chapters 15-7 Kepler compared the distances implied by the poly- 
hedral hypothesis with the new distances calculated by Maestlin from the 
true sun, but did not end up with results that were much better (compare 
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TABLE 2.1 
Polyhedral Distances without the Moon 


Polyhedral Copernican 
Distances Distances Errors 


Saturn : Jupiter 577 635 -9% 

If lowest Jupiter is 1,000° Mars 333 333 0% 
pointof Mars highest Earth 795 757 +5% 
Earth point Venus 795 794 0% 

Venus shouldbe Mercury 577 723 -20% 

or 707° -2% 


2 That is, if the lowest point on the radius of the inner edge of the sphere of Saturn is 1,000, 
the highest point, or radius of the outer edge of the sphere of Jupiter is 577. Likewise for the 
other planets. 

b For Mercury, the number 707 is derived not by the radius of the inner edge sphere 
inscribed inside the solid, as in the other spheres, but from the outer edge. Fach sphere has 
certain thicknesses to account for the eccentric orbit. For a detailed discussion of Kepler’s 
inscription and circumscription of spheres, see Field (1988, 35-44, 63-70). 


TABLE 2.2 8 
Polyhedral Distances with the Moon 


Polyhedral Copernican 
Distances Distances Errors 


Saturn Jupiter 577 635 -9% 

If lowest Jupiter is 1,000 Mars 333 333 0% 
pointof Mars highest Earth 795 801 -1% 
Earth point Venus 795 847 -6% 

Venus = should be Mercury 577 723 -20% 

or 707 -2% 


tables 2.1, 2.2, and 2.3).” In Table 2.3, the Earth’s mean distance is taken 
to be 1. Here Kepler is using sexagesimal units.!” 

It is intriguing that Kepler prevailed on Macstlin to calculate distances 
from the true rather than the mean sun. This important modification went 
against the whole history of astronomy (even Copernicus calculated from 
the mean rather than the true sun). Kepler was aware that such a move 
required justification, but he did not offer a detailed one: 


In case, friendly reader, I should offer you any occasion for rejecting the whole 
of this enterprise because of a trifling dispute, I must here mention to you some- 
thing which I should like you to remember carefully: Copernicus’s purpose was 
not to deal with cosmography, but with astronomy. That is, he is not much 
concerned whether there is a mistake relating to the true proportion of the 
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TABLE 2.3 
Polyhedral Distances Compared with Distances from the Time Sun 


Polybedral Polybedral Distances Errors 
Distances Distances from True (Averaged) 
without Moon with Moon Sun Ne Moon / Moon 
Saturn 
Aphelion 10 35°56” 11 1816” 9 59°15” +6% / +13% 
Perihelion 8 518” 9 26°26” 8 20°30” 
Jupiter 
Aphelion 5 6°39” 5 27/2” 5 2933” -7% / -1% 
Perihelion 4398” 4 57°38” 4 59°58” 
Mars 
Aphelion 1332” 1 39°13” 1 39°52” 6% /0 
Perihelion 11839” 1 23°52” 1 23735” 
Earth 
Aphelion 1 230” 166” 1 2°30” 0% / 0% 
Perihelion 0 57°30” 0 53°54” 0 57°30” 
Venus 
Aphelion 0 45°41” 0 42’50” 0 44°29” +3% / 4% 
Perihelion 0 42755” 0 40°14” 0 41°47” 
Mercury 
Aphelion 0 3021” 0 2827” 02919” +2% /-4% 
Perihelion 0 14’0” 0137” 0 140” 


spheres, but only with establishing from the observations the values which are 
best suited for deriving the motions of the planets and computing their posi- 
tions, as far as possible. (MC, 159; KGW’T, 50)" 


Kepler’s defense seems to be that cosmographical considerations support 
calculations based on the true rather than the mean sun. These consider- 
ations, given that he did not yet have the empirical evidence that he pro- 
vided in the Astronomia, amounted to his Trinity analogy and a conception 
of physical causes such that they act both from and on bodies. Kepler 
hinted that geometrical points could not be the cause of motion,” but he 
did not articulate this as well here as he did in the Astronomia. Nonetheless, 
Maestlin was willing to undertake the project, which did not, for the pur- 
poses of the Mysterium, prove profitable, as the fit between theory and data 
was not improved. 

At this point Kepler did not have the resources to determine whether 
the culprit was the calculated distances or the polyhedral hypothesis. He 
did not have access to Brahe’s data. As a result, Kepler’s next move was to 
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provide theoretical rather than empirical support for the polyhedra, and 
for this purpose he turns in chapter 18 to a discussion of the relationship 
between theory and observation. Kepler pointed out that in addition to the 
possibility of observational error, observations were typically taken of 
planets in a particular position (acronychal),'’ and astronomical theory was 
still too insecure to permit confident extrapolation to other positions. For 
one thing, the eccentricities and their causes were insufficiently known to 
permit accurate calculations of the orbits. As a result, Kepler did not con- 
sider himself in a position to test the polyhedra, and so close agreement 
with the distances was all that could be hoped for at this point. 

In chapter 20 of the Mysterium Kepler attempted to uncover a connec- 
tion between the planet’s period and its distance from the sun (a fore- 
runner of the third law), and in chapter 22 he explored the connection 
between a planet’s speed and its distance from the sun (a forerunner of the 
second law). As Stephenson notes, however, at the time of writing the Mys- 
terium Kepler’s grasp of mathematics and astronomy was relatively un- 
sophisticated. Also, at this stage Kepler was looking for regularity in plane- 
tary motion, not offering a physical explanation for such regularities 
(Stephenson 1987, 8-9). This twin focus, on empirical regularities and ar- 
chetypes, is reflected in Kepler’s approach to natural philosophy. Only 
later in the Apologia and the Astronomia does Kepler emphasize the need for 
explanations of efficient causes.!* 


Kepler’s Cosmology 


As the sun is at the center of Kepler's physical universe, God is at the 
center of his archetypal universe. Keplers God was a Platonic God, an 
aesthetician and a geometer, who created physical things to express aes- 
thetically pleasing geometrical constructions. As a mind, God’s creation of 
the universe was based on ideas, ideas of quantities—shape, number, and 
extension—in particular (MC, 95; KGW I, 24). 

For Kepler, pure archetypes are distinct from geometrical archetypes. 
Pure archetypes are “in their simplest divine state of abstraction, even from 
quantities themselves, considered in their material aspect” (MC, 125; KGW 
VIII, 62).!° By this Kepler seems to have meant that pure archetypes are 
ideas in the mind of God, or parts of God’s essence, which are distinct 
from quantity: 


{T]he Creator conceived the Idea of the universe in his mind (we speak in human 
fashion, so that being men we may understand), and it is the Idea of that which 
is prior. . . . the only thing of which he could adopt the Idea for establishing the 
universe is his own essence . . . so that it [the universe] might become capable of 


accepting this Idea, he created quantity. (MC, 93-95; KGW’ I, 24) 
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To express the archetypes, or the divine essence, God created matter: 


[If we know the definition of matter, I think it will be fairly clear why God 
created matter and not any other thing in the beginning. I say that what God 
intended was quantity. To achieve it he needed everything which pertains to the 
essence of matter; and quantity is 4 form of matter, in virtue of its being matter, 


and the source of its definition. (MC, 93; KGW I, 23) 


The archetypes are final causes in their divine state, formal causes in their 
material state, and God created physical forces such that the movements 
of bodies would express them (MC, 123; KGW I, 37-38). The result is a 
correspondence between final, formal, and efficient causes (MC, 93-95, 
123; KGW I, 23-24, 37-38), a three-tiered universe, the geometrical link- 
ing the physical to the archetypal by serving as a spatial translation of the 
divine. Thus the levels represent, or mirror, each other in “architectonic 
harmony.”!'¢ 

The conception of different levels of reality was not novel, nor was the 
notion that a relationship of symbolic representation held between the 
levels. Plato’s doctrine of participation is a forerunner of this view, and 
many Renaissance theorists followed Plato by postulating an architectonic 
harmony, where the corporeal is in harmony with the divine.'’ Unlike 
other Neoplatonists, however, Kepler treated the mirroring between levels 
of reality as direct, or faithful. He did not attempt to “transcend the world 
of the vulgar” in order to uncover the mystery of the universe. Rather, he 
tested the archetypal hypothesis against empirical data. This direct mirror- 
ing implies a commitment to two theses, that archetypal hypotheses are 
testable, and that empirical data are trustworthy indicators of the ultimate 
nature of reality. 

Like others of his day, Kepler believed that the divine blueprint of the 
universe is reflected in human beings, that the human mind, though finite 
and fallible, is rational in the way God’s is. For Kepler this meant that the 
mind has a priori powers that can be used to apprehend the archetypes. 
Once one knows the archetypal structure, one can deduce “the natural 
properties of the planets from immaterial things and mathematical figures” 
(MC, 123; KGW I, 37), a capacity possible only if the physical accurately 
reflects the archetypal. 


Kepler’s Approach to Natural Philosophy 


Kepler did not write a treatise on the methodology of natural philosophy. 
The closest he came was the Apologia. Kepler tended to express his posi- 
tions on issues like explanatory adequacy and testability only at junctures 
where he felt the need to justify certain claims. Even the Apologia was 
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directed against a specific opponent, namely, Ursus. As a result, Kepler’s 
approach must be extracted piecemeal from both his mention and use of 
methodological considerations. Throughout his works, however, he was 
explicit about one thing: that astronomy is capable of providing a true de- 
scription of planetary motion. The picture that emerges throughout this 
study is that the conjunction of Kepler’s metaphysics and epistemology 
provided him with a programmatic system of requirements for hypotheses 
to qualify as candidates for truth. By restricting the discussion to Kepler’s 
philosophy as it emerges in the Mysterium, it will be clear that Kepler’s 
philosophical acumen is appreciable even at this stage. Indeed, more so 
here than in his later works, Kepler addressed the issue of what kinds of 
hypotheses can count as explanatory candidates at all. 


The Knowability of Nature 


Kepler, in a letter to Maestlin, enthusiastically advocated the use of the 
a priori method, in contrast to Brahe’s a posteriori method from observa- 
tions to theory (October 3, 1595; KGW XIII, 33-40). Some comments in 
the Mysterium suggest that Kepler was advocating a kind of top-down 
method from the archetypes to the physical world. In chapter 11 Kepler 
proudly announced that he “deduced the natural properties of the planets 
from immaterial things and mathematical figures” (MC, 123; KGW I, 37). 
If Kepler meant that he did not need to confirm the archetypes empirically, 
this boast turns out to be empty. As already noted, Kepler uncovered the 
archetypes on the basis of rough empirical data and then checked them 
against more detailed observations. 

On another, more charitable interpretation, Kepler believed that access- 
ing the correct archetypes, by whatever means, allows one to deduce phys- 
ical laws. Although Kepler was not an ontological reductionist, on this 
interpretation he held that the laws of one domain can be deduced from 
those of another. This reasoning seems more in line with Kepler’s proce- 
dure in the Mysterium than with what he said about it. Later in a letter to 
David Fabricius, Kepler claimed not to develop archetypal hypotheses in- 
dependently, but to construct them on the basis of observations (July 4, 
1603; KGW XIV, 412).'* As noted in the previous section, Kepler thought 
archetypal hypotheses must be both testable and tested before one can 
draw conclusions as to the aptness of the archetypal reasoning. 

Nonetheless, the first interpretation has virtues to recommend it. Kep- 
ler believed that if one could know the archetypal structure independent of 
experience, one could then deduce all physical properties and laws and be 
confident in the correctness of these laws. Kepler was not alone in believ- 
ing that knowledge in one domain could supply knowledge in another. In 
his study of Marsilio Ficino, for example, Kristeller notes that Ficino be- 
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lieved that because objects in the corporeal world represent a different, 
more divine realm, one can “know an existing thing not only through its 
direct attributes but also through its relation to that higher reality” (Kris- 
teller [1943] 1964, 95). For Ficino, however, as lower-ranking substances 
in the hierarchy of being partake, less of qualities like truth, empirical 
enquiry is inadequate for discovering truths about the divine realm. 
Kepler’s a priori method is designed to take human limitations into ac- 
count, where the a priori and a posteriori are and must be used in a mutu- 
ally supportive manner, Given our inherent limitations, the security of a 
hypothesis is incomplete until it is supported by arguments from all rele- 
vant domains. A priori reasoning by itself is hypothetical in the weakest 
sense. In introducing his comparison of polyhedral distances with those 
from Copernicus, Kepler wrote: “Let us now pass to the distances between 
the astronomical spheres and the geometrical derivations: if they do not 
agree, the whole of the preceding work has undoubtedly been a delusion” 
(MC, 149; KGW I, 43). A posteriori reasoning by itself amounts to a “lucky 
guess”: 
For what could be said or imagined which would be more remarkable, or more 
convincing, than that what Copernicus established by observation, from the ef- 
fects, a posteriori, by a lucky rather than a confident guess, like a blind man, 
leaning on a stick as he walks (as Rheticus himself used to say) and believed to be 
the case, all that, I say, is discovered to have been quite correctly established by 
reasoning derived 4 priori, from the causes, from the idea of the Creation? (MC, 


97-99; KGW I, 26) 


It might seem strange that Kepler referred to empirically adequate models 
as “lucky guesses,” but one should bear in mind that he was well aware that 
observations alone are insufficient to decide between competing models. 
The choice between empirically adequate models, made without extra- 
empirical evidence, amounts to a lucky (or unlucky) guess. 


The Evaluation of Hypotheses 


There are several indicators of whether a hypothesis is causal. As we shall 
see, Kepler based these indicators on his conception of God. His concep- 
tion of God, and the manifestations of God’s essence in the three levels, 
provided “regulative principles” (a term used by Buchdahl 1972, 273), for 
empirical inquiry. Simplicity, unity, elegance, and rationality are part of 
God's essence, and hence are reflected, given the three-tiered universe, in 
physical structures. The implication is that a successful account of the uni- 
verse must exhibit these principles. 

To begin, archetypal reasoning is elegant and simple. Recall that Kep- 
ler based his ordering of geometrical figures in part on the grounds of 
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simplicity, with the sphere as the most simple figure (MC, 101; KGW I, 
27-28) and the cube the most simple of the regular solids (MC, 109; KGW 
I, 31). Because God’s reasons for creating causal mechanisms are arche- 
typal, physical causes will be simple as well. This grounds Kepler’s asser- 
tion that nature is simple and “uscs one cause for many effects” (MC, 77; 
KGW I, 16). As a result, a more fruitful hypothesis is more likely to have 
identified a causal relation. Two types of fruitfulness are of interest here, 
breadth of predictive range and breadth of explanatory range. 

Kepler used the first type of fruitfulness to argue for a realist interpreta- 
tion of astronomy. In doing so, he was responding to those critics of Co- 
pernicus who claimed that accurate observations can be derived from false 
hypotheses. Kepler argued that although false hypotheses can yield accu- 
rate predictions, such success is fortuitous and limited. The test for deter- 
mining whether predictive accuracy is due to chance is applying the hy- 
pothesis to related phenomena that the hypothesis was not originally 
constructed to explain: “The conclusion from false premises is accidental, 
and the nature of the fallacy betrays itself as soon as it is applied to another 
related topic” (MC, 75; KGW I, 15). So for a hypothesis to be a contender 
for truth, it must be fruitful.!? i 

Explanatory fruitfulness was also seen by Kepler as a significant virtue of 
hypotheses. Kepler argued that the Copernican hypothesis was superior in 
that it was able to answer questions that the Ptolemaic hypothesis rendered 
mysterious. For example, the Ptolemaic system cannot explain why the 
correction for the orbit of Mars is larger than that for Jupiter, and why that 
for Jupiter is larger than that for Saturn. The Copernican system explains 
these phenomena as a function of the distance from the moving Earth’s 
orbit to the other orbits (MC, 81; KGW I, 18). 

Kepler also supported his polyhedral hypothesis in a manner that evokes 
Lakatos’s notion of fruitfulness, where progressive hypotheses explain 
novel facts:?? “And thus we have in passing the reason why three planets 
move outside the Earth, two inside; and if this meets with less approval 
from the reader, let him reflect, that this is a by-product, and not the main 
point” (MC, 107; KGW I, 30-31, emphasis added). That a hypothesis can 
explain phenomena for which it was not oneiaaty intended is a striking 
success for that hypothesis. 

For Kepler, however, the fruitfulness of a umiei is insufficient for 
its acceptance. Kepler added a proviso to the claim that a false hypothesis 
will be determined as such by broadening the range of application. A false 
hypothesis will not “betray itself” if 


you gratuitously allow the exponent of that argument to adopt an infinite num- 
ber of other false propositions, and never in arguing forwards and backwards to 
reach consistency. That is not the case with someone who places the Sun at the 
center. For if you tell him to derive from the hypothesis . . . any of the phenom- 
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ena which are observed in the heavens ... he will have no difficulty with any 
point.... he will return with complete consistency to the same assumptions. 


(MC, 75; KGW, 15) 


Kepler seems here to have approximatéd the view that a hypothesis permit- 
ting too many ad hoc modifications is not sufficiently open to epistemic 
evaluation. The application of such a hypothesis to related phenomena will 
not reveal whether the hypothesis is false. For this reason the Copernican 
model was superior to the Ptolemaic, even though both were empirically 
adequate at the time. The Copernican model is able to constrain the num- 
ber and time of the retrograde motions of the planets by making retro- 
grade motion a function of the moving Earth. The Ptolemaic model, by 
contrast, saved the retrogressions by a series of ad hoc devices.”! 

Later, in the same paragraph as the preceding quotation, Kepler hinted 
at a theoretical virtue that would become very important in the Astronomia: 
a model that imposes sufficient constraints (one that does not permit many 
ad hoc modifications) is more testable. Kepler wrote that the Ptolemaic 
model, unlike the Copernican, is unable to explain why the different retro- 
pressions “agree precisely, as they do” (MC, 77; KGW I, 15). Given the 
preceding content in the paragraph, what Kepler seems to have meant is 
that the same data provide more evidence for the Copernican model than 
for the Ptolemaic. The retrograde motions of the various planets are evi- 
dence for the same model in the Copernican system (indeed, they measure 
the same parameter, the Earth’s motion), whereas in the Ptolemaic, the 
retrograde motions are treated individually (MC, 75-79; KGW I, 15-17). 

Kepler did not restrict his methodological requirements to astronomy. 
He also required the same sort of rigor from his archetypal hypotheses. 
Consider Kepler’s argument that abstract numbers cannot be the basis of 
a divine plan. Kepler’s comments are cryptic, but his meaning can be re- 
constructed from various sources. In the Mysterium, when discussing the 
possibility of basing a rule of order for the distances on numerical rela- 
tions, Kepler observed: 


[Oj}n this basis whatever ratio I obtained, in whatever way, yet there would be no 
end to the calculation, no definite tally of the moving circles, either in the direc- 
tion of the fixed stars, until they themselves were encountered, or at all in the 
direction of the Sun, because the division of the space remaining after Mercury 
in this ratio would continue to infinity. ... For in discussing the foundation of 
the universe itself, one ought not to draw explanations from those numbers 
which have acquired some special (7) significance from things which follow after 
the creation of the universe. (MC, 65; KGW I, 10) 


The (7) refers to a note of clarification, added in 1621: 


However, this particular circumstance, by which they are designated perfect 
numbers, considered on its own, does not have any significance either, that is, 
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the circumstance that they are all numbers which are proper divisors of some 
particular number, and if added together are equal to the one of which they arc 
divisors. Equality is indeed a fine thing; but this equality is an accidental prop- 
erty of those numbers if each one is considered separately, and does not relate in 
any way to their constitution, but the result of geometrical necessity which fol- 
lows after they have been constituted. Nor does it impart to them the property 
of being more readily divisible, since it is a feature of this very divisibility, and is 
in a sense defined by it. (MC, 71; KGW VIII, 29) 


In a letter to Maestlin, Kepler claimed that one should not look for arche- 
typal relations in accidental properties, the relations between numbers 
being accidental to those numbers (October 3, 1595; KGW XIII, 34). 

I take this to mean that when various numbers are connected to each 
other, the relationships between the numbers are not essential properties 
of the numbers themselves. The number 9, for example, can be related to 
the number 8 (8 + 1), or 7 (7 + 2), or 3 (3?)—indeed, to an infinite number 
of numbers in an infinite number of ways per number. Nothing about the 
number 9 itself indicates which of these relationships we should pick. The 
choice is arbitrary. Geometrical figures, by contrast, contain relations. The 
cube, for example, contains the relation of equality of faces; one cannot 
construct a cube with irregular faces. In addition, general agreement that 
the sphere and the circle are the most perfect figures made it seem that one 
could rank-order polygons and polyhedra by degrees of similarity to the 
circle and sphere respectively (Kepler addressed this matter more rigor- 
ously in the Harmonice). It was not clear to Kepler how one could similarly 
rank-order numbers. 

If we accept that one can rank-order geometrical figures, but not num- 
bers, then an archetypal model based on geometry restricts the possibility 
for ad hoc modifications in a way that one based on number does not. If 
there is nothing special about numbers themselves that determines which 
are chosen and the order in which they are placed, then an infinite number 
of numerological archetypal accounts are possible. This idea was an anath- 
ema to Kepler, who believed that God would not create anything without 
a reason (MC, 123; KGW I, 38). Because God’s reasons for constructing 
the universe were not arbitrary, the nature of the archetypes had to imply 
some types of constructions and not others. Kepler’s God, then, is Pla- 
tonic, not Pythagorean, for the appropriate model is supplied by geometry, 
not numerology. This is why Kepler was so pleased with his polyhedral 
hypothesis. There can be only five regular solids, which are themselves 
geometrically significant. That there are only five around which orbits can 
be inscribed determines the number of orbits. 

These criteria are all expressions of the principles of unity and order. 
The universe, for Kepler, as a reflection of God, is characterized by the 
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unification of diverse phenomena under hypotheses. But Kepler goes far- 
ther than asserting that the simpler theory is more likely to be true. His 
discussion of fruitfulness and model constraints is an account of why hy- 
potheses that are both simple and broad in scope are more epistemically 
valuable. The world was created to be knowable. Kepler viewed properly 
constructed and tested hypotheses as indicators of causal mechanisms, sug- 
gesting that since the Copernican hypothesis met the requirements of con- 
struction and testing, it revealed the nature of reality: “On all these points, 
as a magnificent order is shown by Copernicus, the cause must necessarily 
be found in it” (MC, 77; KGW I, 15). Kepler corrected and emphasized the 
relationship between proper hypotheses and the uncovering of causes in 
1621: “Furthermore I was nodding when I composed [the preceding sen- 
tence] ... for I meant to say, that as a magnificent order is shown by Co- 
pernicus, as there is in the relationship between a cause and its effects, the 
true cause of the retrogressions must necessarily be this very fact” (MC, 87; 
KGW VII, 40). The suggestion, I take it, is that given the nature of the 
order of the physical universe, a theory that expresses this order should be 
seen as an accurate representation. Given the architectonic harmony, the 
rational and the physical correspond. 

In addition to grounding internal methodological commitments, 
Kepler’s three-tiered universe implied that confidence in a given hypothe- 
sis would be increased if it appeared prima facie capable of fitting with 
hypotheses from other domains. It is easy to see why. Any account that is 
an unlikely candidate for harmonizing with those from other domains is an 
unlikely candidate for being an accurate hypothesis in its own. Recall 
Kepler’s comparison of the polyhedra and musical harmonies. As noted 
before, Kepler’s aim was to show that the pattern exhibited by the polyhe- 
dra occurs elsewhere in nature, and hence is an archetypal candidate. Al- 
though Kepler did not ground his astronomical account in physics in the 
Mysterium the way he did in the Astronomia, or the way he argued one 
ought to in the Apologia, his conception of recurring archetypal patterns in 
the various disciplines was an important conceptual precursor to his con- 
struction of physical astronomy. A hypothesis with converging support 
from other domains is more secure than one without. Kepler considered 
it highly unlikely that he could get agreement from such diverse sources 
if the hypothesis had been false (MC, 97, 99; KGW I, 26). Again, we see 
the idea that the convergence of evidence toward a single conclusion makes 
it very unlikely (indeed, a remarkable coincidence) for that conclusion to 
be false. 

One wonders whether at this point Kepler clearly distinguished be- 
tween agreement from diverse empirical sources and agreement from di- 
verse theoretical sources. It seems at first glance that he did. His analysis of 
the internal unification of the Copernican system appears in a different 
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chapter from his claim that the coincidence would be too great if the agree- 
ment between the astronomical and archetypal disciplines were spurious 
(chapters 1 and 2 of the Mysterium respectively). However, Jardine (1984, 
223-24) has argued that this division reflects not an awareness of the dis- 
tinction between empirical and theoretical unity, but a concern with the 
distinction between that which was traditionally considered part of a given 
discipline and that which was not obviously relevant to that discipline. 

In any case, the emerging picture of Kepler’s requirements for an ade- 
quate causal hypothesis is quite complex and sophisticated. What I hope is 
now clear is that Kepler already had an account of empirical and theoretical 
adequacy that was considerably more interesting than the requirement that 
one save the phenomena any way one can (the two types of fruitfulness, 
model constraints, and candidacy for fitting an archetypal hypothesis), and 
that these requirements applied to both astronomical and archetypal hy- 
potheses (later in the Astronomia Kepler applied these criteria to physical 
hypotheses as well). Meeting these requirements simultaneously estab- 
lishes the security and the acceptable form of a hypothesis. What I hope is 
also clear is that Kepler’s archetypes played a positive role in motivating 
these methodological commitments. 

In addition to motivating his methodological approach, Kepler’ philo- 
sophical commitments provided resources for dealing with skepticism, as 
we shall see in more detail in the next chapter. One of the major skeptical 
challenges to astronomy was the existence of observationally equivalent, 
incompatible astronomical hypotheses. Kepler's conception of the world 
as a mirroring of ontologically distinct but nomologically reducible do- 
mains gave license to the use of considerations from other domains in adju- 
dicating between astronomical hypotheses. 


3 


Kepler’s Apologia: 
An Early Modern Treatise on Realism 


Tue Arozocia pro TycHone contra Ursum, Keplers most epistemo- 
logically focused work, was written around 1600 but not published until 
1858. Jardine speculates that had it been published in Kepler’s lifetime, 
and had it received due attention in the interim, it would now “be a classic 
on a par with such seminal reflections on the nature of human inquiry 
as the Novum organum and the Discourse on Method” (Jardine 1984, 5).! 
Instead, like many of Kepler’s works, it has been studied only by a few. 
What is rather striking about the Apologia is that Kepler anticipated and 
provided sophisticated approaches to certain problems facing modern-day 
scientific realists, to wit, the problems of empirical equivalence, and the 
related problem that empirical success is not necessarily an indication of 
truth.? Another respect in which the Apologia should be of interest to phi- 
losophers of science is that Kepler’s grappling with philosophical issues 
engendered his novel approach to, and subsequent discoveries in, physical 
astronomy. 

Although the Apologia reads as though it could have been written in the 
twentieth century, the roots of Kepler’s realism are to be found in his 
Neoplatonic cosmology.’ My purpose here is to trace Kepler’s response to 
the skeptics and to show how his response was motivated and justified by 
his cosmology.* Of particular interest here is that whereas the focus in the 
Mysterium was primarily on formal and final causes of astronomical phe- 
nomena, in the Apologia we find much more attention paid to efficient 
causes. 

The Apologia, though a philosophical treatise, was directed at a specific 
opponent, namely the imperial mathematician Nichol Baer (or Ursus), in 
defense of Tycho Brahe in his priority dispute over the invention of the 
Tychonic system.’ Kepler was obliged to write the Apologia in order to gain 
access to Brahe’s remarkable observations. Kepler, embarrassed by the 
very idea of a priority dispute, compromised by writing a philosophical 
treatise on the historical and current status of astronomical hypotheses. 
Although Kepler did not directly address the charge of plagiarism, the 
Apologia did function as a defense against Ursus’ claims that the geohelio- 
centric system could be found in the works of the ancients and that, in any 
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case, it was a simple matter to construct a variety of empirically adequate 
hypotheses. In response to these attacks on Brahe’s claims to originality 
and to having based his geoheliocentric system on observations, Kepler 
argued that Ursus had misinterpreted the ancients and misconstrued the 
proper process of constructing and justifying astronomical hypotheses 
(Jardine 1984, 3-5). 

Given the purpose for which the Apologia was written, it cannot be taken 
as a full articulation of Kepler’s approach to natural philosophy. In particu- 
lar, because Kepler’s use of the polyhedral model supported the Coperni- 
can over the Brahean system, it should not be surprising that the arche- 
types were not given a place of prominence in the Apologia. Nonetheless, 
the Apologia provides valuable resources on Kepler’s notions of the proper 
form for astronomical hypotheses and the proper means of testing them. 
Jardine argues that Kepler’s epistemological attitude toward astronomy 
was new and proposes “that if any one work can be taken to mark the birth 
of history and philosophy of science as a distinctive mode of reflection 
on the status of natural science it is Kepler’s Apologia” (Jardine 1984, 2). 
As already noted, this innovation, I believe, was motivated by Kepler’s 
cosmology. 

Ursus, like many of his day, viewed astronomical hypotheses as mere 
predictive devices. Jardine (1984, 232-41) argues that this epistemological 
attitude was taken to avoid the conflict between physics and empirically 
adequate astronomical hypotheses. One of the arguments for the skeptical 
position was based on the availability of various different hypotheses that 
yielded the same predictions. Given that incompatible extant hypotheses 
yielded the same predictions, predictive accuracy could not be seen as 
guaranteeing truth. 

Kepler responded to the problem of observational equivalence on three 
fronts: hypothesis testing, the nature and interpretation of hypotheses, and 
the use of external considerations. His conclusion is simple and effective; 
hypotheses properly formulated and tested are not evidentially equivalent, 
or else they are the same hypothesis. I address the three components here 
in reverse order since the latter two were already discussed in chapter 2. 


Extra-Astronomical Considerations 


Kepler suggested that observationally equivalent hypotheses could be dif- 
ferentiated, if considerations from other disciplines were adduced:° “And 
though some disparate astronomical hypotheses may provide exactly the 
same result in astronomy, as Rothmann claimed in his letters to Lord 
Tycho of his own mutation of the Copernican system, nevertheless there 
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is often a difference between the conclusions because of some physical 
consideration” (Apologia, 141; KGW XX.1, 21). Physical considerations, 
for Kepler, included physical forces and archetypal constraints. In this 
sense, one of the physical differences between the Copernican and Ptole- 
maic hypotheses is that the former but not the latter allow for Kepler’s 
polyhedral hypothesis. f 

The proposal to include physics in astronomy was not a radical one. As 
Duhem ([1908], 1969 113-17) disapprovingly notes, the history of as- 
tronomy is full of examples of astronomical theories constrained by phys- 
ics. Aristotle, for example, required on physical grounds that the plan- 
ets circled the Earth concentrically. Kepler, of course, approved, arguing 
that many of the advances made in the history of astronomy were the re- 
sult of the inclusion of such physical concerns (Apologia, 177; KGW XX.1, 
43). 

Kepler’s attitude toward the use of physics in astronomy is somewhat 
surprising, given that, at the time, no empirically adequate astronomical 
hypotheses were consistent with the available physics. The details of his 
own physical astronomy had not yet been worked out. By the time he had 
written the Apologia, he had uncovered what to him was a striking fit be- 
tween an astronomical hypothesis (the Copernican) and an archetypal ac- 
count. He was also aware of William Gilbert’s work on magnets and 
thought it filled a gap in the arguments for the Copernican system pre- 
sented in the Mysterium (Apologia, 146; KGW XX.1, 24). But even without 
having developed his new astronomy in detail, these preliminary results 
seemed to Kepler sufficiently promising to justify his faith that a consistent 
physical astronomy was forthcoming. 

This surprising attitude (for its time) was justified by the belief that true 
theories and the archetypes mirror each other. Becasue there are only a few 
archetypal patterns, but many different kinds of objects in the world, one 
should expect to find the same archetypal pattern in different disciplines. 
Hence, developments in one discipline should influence other disciplines, a 
much stronger norm than merely permitting physical considerations to 
constrain astronomy. Kepler’s goal was to merge disciplines to create a 
consistent, unified picture of the universe. Because in his day it was not 
considered methodologically sound to require importation of extradisci- 
plinary considerations,’ Kepler needed to justify the practice of broaden- 
ing evidential grounds; in this case the justification to which he appealed 
was the architectonic harmony of the universe. Given the historical signifi- 
cance of Kepler’s use of physics in astronomy, one cannot overemphasize 
the positive role the archetypes played in providing a link between disci- 
plines, thereby enabling the convergence of theoretical support from vari- 
ous domains. 
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The Nature of Astronomical Hypotheses 


A crucial aspect of Kepler’s realism is revealed in his distinction between 
geometrical and astronomical hypotheses. An astronomical hypothesis is 
based on the actual orbit of the planet, whereas a geometrical hypothesis 
is a means of constructing the orbit (Apologia, 143, 153; KGW XX.1, 22- 
23). This distinction had two functions: it reduced the number of hypothe- 
ses under consideration, and it was part of Kepler’s diagnosis of what he 
saw as the fundamental confusion underlying the skeptical claim that one 
cannot adjudicate between astronomical hypotheses. 

Kepler addressed what he called “perhaps the best-known example” 
(Apologia, 142; KGW XX.1, 22) of observationally equivalent hypotheses 
adduced by the skeptic, the concentric with an cpicycle versus the eccen- 
tric. He concluded, in contrast to the skeptic, that the two hypotheses are 
not competing because they represent the same planetary motion—“that 
although the motion of the planet remains steady, it spends a longer time 
in one half of the circle” (Apologia, 143; KGW XX.1, 22). The difference 
between the two is in the geometrical method of constructing the orbit, 
not the orbit itself. The difference between the two, then, is one that 
makes no difference to astronomy. 

Kepler identified the conflation of astronomical and geometrical hy- 
potheses as the root of the skeptic’s argument that the consequences of a 
hypothesis, if true, do nothing to increase one’s confidence in that hypoth- 
esis. Competing astronomical hypotheses, in contrast to geometrical ones, 
will differ in their empirical consequences since the motion and path of the 
planet itself will be portrayed differently. 

One wonders why the distinction between geometrical and astronomical 
hypotheses was not obvious. Indeed, Kepler thought the skeptic missed the 
obvious: “No one is to be taken seriously who does not acknowledge and 
grasp this diversity in hypotheses. Indeed, Osiander makes a mockery of 
Copernicus, or rather of his readers, by his equivocation, transferring 
those things that are true of geometrical hypotheses to astronomical hy- 
potheses, even though the natures of the two sorts are very different” 
(Apologia, 153-54; KGW XX.1, 28). Geometrical hypotheses are used sim- 
ply to predict planctary positions, while astronomical hypotheses represent 
planetary motion. To be fair to Kepler’s opponents, before Brahe it was 
reasonable to blur the distinction. When using the Eudoxian method, the 
circles deployed to construct the orbit represented the phenomena of prin- 
ciple interest—that of the solid spheres. The same holds for the Ptolemaic 
system if one follows Peurbach’s physical interpretation. The distinction 
between astronomical and geometrical hypotheses only became of interest 
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after Brahe’s argument that the solid spheres do not exist. Only then did 
the orbit of the planet take precedence over the spheres that the circles 
represented. Only then could different geometrical constructions be seen 
as representing the same phenomenon. Prior to that they represented dif- 
ferent physical systems with the sgme observational consequences. 

Kepler, however, saw the source of the conflation as a confusion of the 
more basic distinction between appearance and reality. In astronomy, in 
particular, the distinction seemed necessary. The irregular apparent mo- 
tions of the planets seemed tractable to no rule if taken at face value, 
which is in conflict with belief in the perfection of the heavens. Kepler 
mocked Patricius, whom he interpreted as claiming that the planets move 
exactly as they appear to: “For where, walking through the fields, he en- 
counters hedges and things near to his path, he would believe, on the 
testimony of the sense of sight, that distant mountains are really follow- 
ing him” (Apologia, 155; KGW XX.1, 29). The other extreme, viewing 
the apparent as entirely distinct from the real, was motivated and com- 
pounded by the radical segregation of the heavens and Earth, each with 
a dramatically different metaphysical nature. Iacopo Zabarella, for ex- 
ample, conceived of heavenly “matter” as having “no potential for exis- 
tence, but only for location.”” Small wonder that some viewed the heavens 
as inaccessible to human inquiry (e.g., Giovanni Gioviano Pontano [1426- 
1503}). 

Kepler occupied the middle ground between these two extremes. He did 
not deny that observation could contribute to knowledge acquisition. In- 
deed, he required such input, indicating in a rather cryptic passage that 
distinguishing the various tasks of astronomy will illuminate the relation- 
ship between appearance and reality: 


To set down in books the apparent paths of the planets and the record of their 
motions is especially the task of the practical and mechanical part of astronomy; 
to discover their true and genuine paths is (despite Osiander’s and Patricius’ 
futile protests) the task of contemplative astronomy; while to say by what circles 
and lines correct images of those true motions may be depicted on paper is the 
concern of the inferior tribunal of geometers. He who has learned to distinguish 
these things will easily disengage himself from the deluded seekers after abstract 
forms who quite heedlessly despise matter (the one and only thing after God), 
and from their importunate sophisms. (Apologia, 156; KGW XX.1, 30) 


The mistake implicated here is the assumption that the only alternative to 
recording apparent motion is to determine a priori the appropriate geo- 
metrical means of constructing planetary motion (a mistake made by “the 
deluded seekers after ... forms”). Kepler saw this as a false dichotomy, 
pointing to the possibility that there is a relationship between apparent 
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motion and the actual orbit. The apparent motions are caused by the actual 
orbit and, in turn, yield information about it. 

Notice that the distinction between appearance and reality does not lead 
to regarding observation as misleading and unnecessary for exploring the 
nature of reality. What it leads to instead is a recognition of the distinct 
roles of observation and reason, which imply specific relationships between 
the distinct tasks of astronomy. These tasks and their relationships are de- 
signed to take into account the process of discovery available to the human 
mind: 


In all acquisition of knowledge it happens that, starting out from those things 
which impinge on the senses, we are carried by the operation of the mind to 
higher things which cannot be grasped by any sharpness of the senses. The same 
thing happens also in the business of astronomy, in which we first of all perceive 
with our eyes the various positions of the planets at different times, and reason- 
ing then imposes itself on these observations and leads the mind to recognition 
of the form of the universe. And the portrayal of this form of the universe thus 
derived from observations is afterwards called “[a body of] astronomical hypoth- 


eses.” (Apologia, 144; KGW XX.1, 23). 


I 

Recognizing the relationships between observation and theory, and be- 
tween appearance and reality, leads to a denial of skepticism. Given that, 
for Kepler, the material is a reflection of the rational, observations are 
amenable to being ordered by reason, and hence both the task of predic- 
tion and that of explanation are within the province of the astronomer. 

Notice the difference between the preceding quotation and Kepler’s ap- 
parent boast in the Mysterium to have developed astronomical hypotheses 
a priori. As already discussed in chapter 2, Kepler should not be taken as 
asserting that one can ignore observations in uncovering the true nature of 
the heavens. Here Kepler is explicit about the role of observations as prec- 
edents to and guides of theorizing: 


Next, he [Ursus] says that hypotheses are contrived for the purpose of observing 
the celestial motions. This view is diametrically opposed to the truth. We can 
observe the celestial motions even if we hold absolutely no opinion about any 
dispositions of the heavens. The fact is that observation of the celestial motions 
guides astronomers to the formation of hypothéses in the right way, and not the 
other way round. (Apologia, 144; KGW XX.1, 23) 


The relationship between hypotheses and observations is that observations 
lead to and constrain hypotheses in the process of discovery. The theory is 
arrived at by the rational ordering of data. Thereafter one can infer obser- 
vations from the theory. Kepler’s advocacy of the a priori method is not a 
denial of the importance of empirical data but an emphasis of the role 
reason plays in uncovering the order underlying the data. 
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Kepler, however, was well aware that one could impose a false order on 
data. He thought any such order should be evaluated both against the 
proper testing of hypotheses and by its fit to considerations traditionally 
considered external to the discipline: 


, 


The Testing of Astronomical Hypotheses 


In his analysis of the proper testing of astronomical hypotheses, Kepler 
responded to the claim that one can elicit true conclusions from false 
premises by arguing that when this happens it is by chance alone, and 
proper testing all but eliminates this possibility: 


And just as in the proverb liars are cautioned to remember what they have said, 
so here false hypotheses, which together yield the truth once by chance, do not 
in the course of a demonstration in which they have been combined with many 
others retain this habit of yielding the truth, but betray themselves. Thus in the 
end it happens that because of the linking of syllogisms in demonstrations, given 
one mistake an infinite number follow. (Apologia, 140; KGW XX.1, 21) 


Kepler's discussion here is brief, but the moral is, by and large, the same as 
that in the Mysterium. As we saw earlier, the notion that false hypotheses 
will betray themselves was justified by what Kepler required of hypoth- 
eses generally: they must be applied to a variety of related phenomena, 
and there must be a restriction on the use of ad hoc propositions to save 
them from disconfirming evidence (MC, 75; KGW’J, 15). The “linking of 
syllogisms” provides a method of checking for errors. Consequently, a hy- 
pothesis that accounts for a wide range of phenomena is preferable to one 
that applies to a narrow range; likewise, one that requires fewer ad hoc 
propositions. 

There is a slight difference between how Kepler discussed the manner 
in which false hypotheses betray themselves in the Mysterium and in the 
Apologia. In the Mysterium Kepler argued that a false hypothesis will betray 
itself when applied to diverse data. Kepler spoke of being able to derive 
from true hypotheses “any of the phenomena which are actually observed 
in the heavens” (MC, 75; KGW I, 15). In the Apologia, he made the more 
general claim that a false hypothesis will betray itself when linked with 
other hypotheses during demonstrations. This requirement entails internal 
consistency more than it does consistency with data.!? Kepler’s reference 
to the Mysterium, however, suggests that he was speaking of both theoreti- 
cal and empirical support—that if al} the pieces fit together, then it is 
highly unlikely that any one part is false. This interpretation supports Jar- 
dine’s (1984, 223-24) claim that the distinction between empirical and the- 
oretical evidence had not yet been precisely drawn. 
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This emphasis on the internal relations of a theory arises directly from 
Kepler’s aesthetic conception of the universe as unfolding from a small set 
of simple principles. The variety and apparent disorder that one finds in 
the world are really an expression of a few aesthetic generative principles. 
Consequently, the generation of the complex from the simple should be 
reflected in and a feature of a good theory. 


Kepler’s Improved Notion of Testability 


Kepler’s Apologia is of historical interest for the scientific realist for at least 
two main reasons. First, one can read into the Apologia an anticipation of 
several issues in the current realism-antirealism debate, in particular the 
problems of empirical equivalence and of the empirical success of false 
theories. Part of Kepler’s approach to these problems was to widen the 
notion of evidence to include theoretical plausibility, an approach dis- 
cussed by Boyd ([1983] 1991). Keplers commitment to realism and his 
concern to answer the skeptic also led to the development of a more rigor- 
ous notion of testability. This notion was crucial to Kepler’s radical inno- 
vations in astronomy, a point made clear in Kepler’s conception of the 
proper testing of astronomical hypotheses in the Mysterium and the Apolo- 
gia. Kepler required of hypotheses that they be broad in scope, both 
predictively and explanatorily fruitful, and of theories he required that 
their structure permit the linking of syllogisms. 

As already noted in chapter 2, the requirements of breadth and fruitful- 
ness serve to separate the true from the false in two ways. First, a greater 
variety of applications increases the opportunities for testing a hypothesis, 
as one is simply more likely to uncover recalcitrant data. Second, the appli- 
cation of a hypothesis to data not considered in its original construction 
discounts the possibility that a test is rigged. 

Kepler’s requirement of fruitfulncss thus turns the limitations of the 
human mind into a testing advantage. If we were omniscient, then we 
could construct a hypothesis to account for all of the relevant data. But 
since we are not, we should expect that some of the data predicted by a 
hypothesis will surprise us. Kepler argued that our limited knowledge is 
not so much a liability but a testing opportunity. (Of course, we would not 
need to construct hypotheses if we really were omniscient.) 

Recall that Kepler required a restriction on ad hoc modifications; other- 
wise the breadth and fruitfulness of a system of hypotheses will not be 
sufficient to warrant its acceptance. 


The conclusion from false premises is accidental, and the nature of the fallacy 
betrays itself as soon as it is applied to another related topic—unless you gratui- 
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tously allow the exponent of that argument to adopt an infinite number of other 
false propositions, and never arguing forwards and backwards to reach consis- 
tency. That is not the case with someone who places the Sun at the center. For 
if you tell him to derive from the hypothesis . . . any of the phenomena observed 
in the heavens, to argue backwards, to argue forwards, to infer from one motion 
to another . . . he will have no difficulty with any point. (MC, 75; KGW I, 15) 


In the Apologia, he spoke of the linking of syllogisms as a method for re- 
vealing errors. If the theory itself entails these links, all the better. A theory 
whose parts “hang together” is more testable than one with a number of 
independent hypotheses, because determining the values of a parameter 
for one hypothesis will have implications for the expected values of other 
parameters.'’ This restriction is internal to the theory on ad hoc modifica- 
tions, rather than imposed from the outside. It is, if you will, a non—ad hoc 
restriction on ad hoc modifications. 

The linking of syllogisms implied in the Copernican model, but not the 
Ptolemaic, is what makes the former more testable, even though they both 
save the same phenomena. Nothing in the Ptolemaic system rules out sav- 
ing the phenomena by a series of ad hoc devices (e.g., by changing the size 
and number of the epicycles). The core constraints in the Ptolemaic system 
are that the Earth is stationary, and all motions around it be resolved into 
circles. These constraints do not determine the specific retrograde mo- 
tions or even entail that such motion occurs. More important, changing 
the model for the retrograde motion of one planet neither affects the 
models for the other planets nor displaces the Earth. Under the Coperni- 
can system, by contrast, the retrograde motions are the direct result of the 
Earth’s orbit. The various retrograde motions are unified under and linked 
with the hypothesis that the Earth moves. 

As noted, Kepler’s conception of the testability of hypotheses is related 
to his conception of divine aesthetics. The world is aesthetically beautiful, 
and so beneath the chaotic and diverse appearances, there is a simple order, 
a pattern to be discovered. It is to be discovered by showing the links be- 
tween diverse phenomena, links that explain how the chaos of appearances 
is generated by a harmonious and simple pattern. The epistemological 
warrant here comes, however, not from the aesthetic features but from the 
testability of a theory. A brief look at the harmonic features of the Ptole- 
maic system should clarify this point. 

To save the phenomena under the Ptolemaic system, the epicyclic mo- 
tion of the planets is harmoniously ordered with respect to the position of 
the sun in the order of orbits. The inferior planets (inside the sun’s orbit) 
never stray far from the sun, and go into retrograde motion only when they 
pass the sun. One way to ensure that the model produces these results is to 
place the center of the epicycle on the line between the Earth and the sun 


66 CHAPTER 3 


Figure 3.1. The Inferior Planets 


(figure 3.1, where the sun is at S, the center of the epicycle at C, and the 
Earth at E). The retrograde motions of the superior planetg only occur 
when the planet is in opposition to the sun, that is, when the Earth is on a 
line between the sun and the planet. One way of modeling this is to have 
the line between the center of the epicycle and the planet always parallel to 
the line from the Earth to the sun (figure 3.2, where the sun is at S, the 
Earth at E, the center of the epicycle at C, and the planet at P). In addition, 
to get the size and number of retrograde motions right, the size of the 
epicycle decreases the further the orbit is from the sun. 

These features are aesthetically pleasing, one might argue, but they do 
not follow from the central conception of the Ptolemaic system, and thus 
are not the result of how the theory “hangs together.” Under the Ptole- 
maic system, although there is an appealing order in the construction of 
the retrograde motions, they do not provide information about the solar 
orbit, because that does not explain the retrograde motions. Prior to notic- 
ing the harmony between the solar orbit and the retrograde motions, there 
is no reason to expect to find such a harmony, since the Ptolemaic system 
makes no such predictions. The data, then, do not provide evidential sup- 
port for the construction of the solar orbit, but only for the construction of 
the individual models of retrograde motion. Thus, while the harmony of 
hypotheses provides propaganda for the Ptolemaic system, the agreement 
of hypotheses provides evidence for the Copernican, because this agree- 
ment was predicted by it. By contrast, the Ptolemaic system does “not give 
the reasons for the . . . retrogressions, and why they agree precisely, as they 
do” (MC, 75-77, KGW I, 15). Also, because the hypotheses are linked 


under the Copernican, determining the values for one (say, the retrogres- 
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Figure 3.2. The Superior Planets 


sions of Saturn) will influence values for another (say, the retrogressions of 
Mars), since they are both caused by the same thing, the Earth’s motion. 
Thus one can generate more evidence from a fixed data set. The data re- 
main the same, but more predictions are generated from them. 

The aesthetic appeal of the Ptolemaic system is not the same as that of 
the Copernican and, as Kepler argued, that of the Copernican is preferable 
on evidential grounds. Kepler’s link between aesthetics and testability al- 
lows the same data to provide more evidence for the Copernican system. 
This link is part of Kepler’s answer to the problem of observational equiv- 
alence. While the Ptolemaic and the Copernican models may have been 
observationally equivalent, they were not evidentially equivalent. 


Concluding Remarks: The Archetypes 


Kepler’s focus in the Apologia on defending the status of astronomical hy- 
potheses leaves little room for a discussion of his archetypal universe. In- 
deed, given the purpose for which the Apologza was written, the inclusion 
of archetypes that supported the Copernican system over that of Brahe 
would have been impolitic. One can see, however, the relevance of Kep- 
ler’s archetypes to his arguments against skepticism. Jardine (1979, 167) 
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comments that Kepler did not justify his method as truth-linked. Although 
he did not explicitly do so in the Apologia, his answer to Jardine’s charge is 
the archetypal vision (though this would hardly please the modern realist). 

The use of extra-astronomical considerations (specifically, physics) in 
astronomy is legitimized by the notion that various objects and events 
studied by different disciplines are reflections of the same archetypes. In- 
deed, given Kepler's cosmology, converging support from various disci- 
plines is required for the security of a hypothesis. 

His conception of the proper testing of hypotheses rests on his vision of 
the universe as both orderly and unified. False hypotheses will betray 
themselves precisely because they can legitimately be applied to diverse 
phenomena. The view of the universe as explainable by a small set of prin- 
ciples gives one the means to determine whether a given hypothesis is false 
by drawing evidence from a variety of sources. 

Kepler’s view of the relationship between appearance and reality is pred- 
icated on the idea that material substance is obedient to a divine rational 
plan and, indeed, was created to instantiate the archetypes (MC, 125; KGW 
VILI, 62). So while there is a distinction between appearance and reality, 
there is also a systematic relationship between them that can be explored 
and exploited by observing appearances in tandem with considering the 
causes a priori. Each method is buttressed by the other, by requiring that 
the conclusions from both cohere. 

On the basis of his arguments in the Mysterium and Apologia, Kepler was 
able to draw a distinction between empirical adequacy and truth. As we 
shall see in the next chapter, this distinction, with its attendant methodo- 
logical and cosmological commitments, helped Kepler in his struggle to 
uncover the true orbit of Mars. 


4 


Kepler’s Archetypes 
and the Astronomia nova 


Tue Astronomia Nova, published in 1609, is probably Kepler’s greatest 
contribution to astronomy, containing the first articulation of what are 
known today as Kepler’s first two planetary laws. Having access to Brahe’s 
data at last, Kepler advanced his “war on Mars.” But, as Stephenson ob- 
serves, even Brahe’s data was insufficient to decide between competing 
theories: “Kepler’s mathematical ingenuity was such that he could invent 
alternative theories, each good enough to ”save“ even the excellent obser- 
vations of Tycho Brahe. These observations, therefore, did not provide 
enough guidance for him to reach his final solution to the problem of 
planetary motion” (Stephenson 1987, 2). To resolve this problem, Kepler 
applied the method recommended in the Apologia of grounding astronomy 
in physics. As its full title announces, the Astronomia is an investigation of 
the motion of Mars through considerations of its physical causes.' I argue 
here that Kepler was also guided by archetypal considerations, and that 
when he spoke of grounding astronomy in physics, he meant this in the 
broad sense used in the Apologia, where physics includes cosmology. 

Kepler’s archetypes seldom make an explicit appearance in the As- 
tronomia. In Kepler’s arguments to the ellipse they rarely play the roles 
assigned to them by the Mysterium and Apologia, as part of an a priori infer- 
ence to the same phenomena, or as adjudicating between competing astro- 
nomical hypotheses.’ Kepler’s belief in an archetypally structured uni- 
verse, I believe, nonetheless guided his physical exploration of the Martian 
orbit by narrowing the scope of hypotheses under consideration. Given 
the historical context, this approach is of great significance, for Kepler was 
the first to combine physics and astronomy in the manner he did, and he 
faced an open field of possible theory types. Kepler also needed to develop 
a new physics, because traditional Aristotelian physics was inappropriate to 
the task. His archetypes allowed him to rule out as implausible a number 
of physical investigations. Moreover, when Kepler failed to provide an ac- 
count of the efficient causes of planetary motion, his archetypal commit- 
ments preserved his confidence that he was, nevertheless, on the right 
track. 

After discussing Kepler’s epistemological attitude toward hypotheses 
in physical astronomy, I trace the use of archetypal reasoning in his 
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arguments to the ellipse, which involved establishing the true sun as the 
basis for calculations, determining the physical consequences of viewing 
the sun as emitting the primary motive force, and uncovering the true path 
of the Martian orbit. I follow Kepler’s argument to the ellipse as he pre- 
sented it, discussing some of the models he rejected along the way. 


The Status of Hypotheses in Physical Astronomy 


Kepler believed that one could, with reasonable confidence, uncover truths 
about the nature of the universe. As noted in chapter 3, Kepler was well 
aware that empirical adequacy was insufficient to ground confidence in a 
given hypothesis. His solution was to obtain converging theoretical sup- 
port from various disciplines, and to offer a number of types of arguments 
within each discipline to render each hypothesis individually plausible. 
One should note that these are two very different types of unification. 
Interdisciplinary unification involves the agreement of results—in this 
case, consistency of results from physics, astronomy, and cosmology. This 
sort of unification did not entail the conflation of disciplines. As we shall 
see, Kepler held that while their results must agree, the disciplines still 
have distinct objects of study and are therefore distinct themselves. The 
second kind of unification, the use of different arguments to the same con- 
clusion within a single discipline, involves obtaining agreement from di- 
verse phenomena, using different phenomena to measure the same para- 
meter (e.g., showing that both the apsidal and nodal lines pass through the 
sun). Even so, Kepler was careful in drawing conclusions, for despite his 
confidence in the Astronomia’s end results, he pointed out that hypotheses 
could only be made plausible, not certain (AN, 47; KGW II, 19). 

Part of the reason for Kepler’s lack of certainty was his awareness that 
the physical intuitions he appealed to were novel and speculative. He also 
considered physics to be speculative by its very nature, because it is not 
based entirely on observations: 


I mingle the probable with the necessary and draw a plausible conclusion from 
the mixture. For since I have mingled celestial physics with astronomy in this 
work, no one should be surprised at a certain amount of conjecture. This is the 
nature of physics, of medicine, and of all the sciences which make use of other 
axioms besides the most certain evidence of the eyes. (AN, 47; KGW III, 19)* 


This quotation is rather illuminating. Kepler considered physics to be 
speculative, yet believed that grounding astronomy in physics would adju- 
dicate between competing astronomical hypotheses. This position high- 
lights the difference between taking astronomical hypotheses to be secured 
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by physics itself, and taking them to be secured by converging support 
from diverse areas, secure or otherwise. Kepler viewed the mingling of 
astronomy and physics as increasing security for the latter reason, clearly. 


kA 


The Replacement of the Méan by the True Sun 


One of the first things Kepler did in the Astronomia (pt. I, chs. 1-6) was to 
argue that both physical and astronomical models should be constructed 
around the true rather than the mean sun. The latter is an empty point 
that, under the Copernican system, is the center of the Earth’s orbit. 
Gingerich comments that “The idea is so important that we should per- 
haps call it Kepler’s zeroth law. It is a sign of Kepler’s genius that he so 
quickly recognized this as the crucial first move in the reform of astron- 
omy” (Gingerich 1975b, 264). 

Kepler argued for his “zeroth law” at various points throughout the As- 
tronomia, with each argument depending on previous results.’ Kepler’s 
“modest” goal in part I was to render the use of the true sun plausible, 
to argue that a different orbit is derived if the true sun is used instead of 
the mean sun, and to point out the observational differences between the 
two models (Kepler did this for the Copernican, Brahean, and Ptolemaic 
models). 

The empirical differences turn out to be quite significant. Figure 4.1 
depicts the differences in apsidal line and orbit when the true sun and the 
mean sun are used in the Copernican system.° If the mean sun is used as the 
basis for constructing the model, the equant point fixed at E, and observa- 
tions taken as if from the mean sun at B, then the apsidal line will be placed 
through points B and K. This arrangement is so, Kepler argued, because, 
though the planet is actually moving slowest at D, it will appear to be 
slowest at K, since K is further than D from B. The point furthest from B 
is N, but Kepler pointed out that while motion appears slower the further 
away it is, the planet is actually moving slowest at D, and these two effects 
counteract each other, making the motion appear slowest at K (AN, 145; 
KGW IIL, 80). If, by contrast, the true sun A is used, with E as the equant 
point, then the point at which the planet appears slowest is at D, placing 
the apsidal line through points A and D. As a result, the apsidal line is 
placed differently in the two models. In figure 4.1, the dotted line repre- 
sents the orbit and apsidal line of the mean sun model, and the solid line 
represents the true sun model. Not only is the orbit shifted over, but the 
time taken to traverse equal arcs would be asymmetrical to the apsidal line 
in one of the models. Kepler was confident that this asymmetry would be 
found in the mean sun model, though he did not offer empirical support 
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Figure 4.1. The Mean Sun versus the True Sun 


until much later in the Astronomia. But even at this point Kepler argued 
that it is more physically plausible that the time variation in traversing 
equal arcs be proportional to distances from the sun, not some empty point 
(AN, 157-60; KGW III, 89-91). 

The empirical inadequacy of mean sun models had not been noticed 
before, because mean sun models were always both constructed and tested 
on the basis of acronychal observations alone.” Only from nonacronychal 
observations was the discrepancy readily apparent, as Kepler spelled out in 
some detail in chapter 6. In figure 4.1, for example, if one were observing 
from M rather than from A or B, one could observe the difference between 
X and Y. Considering the model as it would appear from the side is an 
application of Kepler’s requirement that hypotheses be tested against data 
that they were not originally constructed to explain. 

This important starting point, however, was not well confirmed by em- 
pirical arguments until much later in the Astronomia. Indeed, though 
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Kepler was willing to expend a great deal of energy in constructing model 
after model based on the true sun, he did not consider the use of the true 
sun to be well confirmed empirically until chapter 52.8 Instead, he consid- 
ered his arguments to be deduced from physical considerations: 


A door is therefore open to us for deciding by means of the observations what I 
had deduced 4 prior? by consideration of moving causes: that the planet’s line of 
apsides, which is the only line bisecting the planet’s path into two semicircles 
equal both in size and vigor, —this line, I say, passes right through the center of 
the solar body and not (as the theorists have it) through some other point. In the 
course of the work I shall demonstrate this by means of observations, in parts IV 
and V. (AN, 167; KGW II, 96) 


By this point, Kepler had observed that the superior planets moved 
more quickly when closer to the sun, which implicated the sun as the mo- 
tive force (AN, 118; KGW IMI, 63). In addition, he considered it implausi- 
ble that an empty point causally interacted with planetary bodies, forcing 
them to move (AN, 128; KGW MI, 70). Even if the motive force were 
situated in the planets themselves, he did not see why they would orbit an 
empty point. Even if the planetary movers had minds,'° how could they 
orient themselves around an empty point, and what marker could the mind 
use to determine its proper position in space (AN, 127; KGW III, 69-70)?! 
Kepler expanded on these physical intuitions later in the Astronomia, but at 
this point the philosophical and physical difficulties inherent in the various 
mean sun models were sufficient to rule them out. 

Kepler also had archetypal reasons for preferring the true sun, as men- 
tioned in chapter 2. His ‘Trinity analogy links the sun to God, the meta- 
physical center of the universe, and the creative force. (Copernicus had 
similar metaphysical commitments to the sun, although these were not as 
faithfully reflected in his astronomy.) Kepler did not mention the Trinity 
analogy in this section, but he did comment in the introduction that he 
would not repeat his arguments of the Mysterium, but simply referred the 
reader to them (AN, 53; KGW III, 24). This suggests that while he still 
found such arguments compelling, they did not fit the subject matter of the 
Astronomia. 

One wonders how much weight the Trinity analogy carried for Kepler. 
While the connection between the circular and the divine was a commonly 
accepted idea, the analogy between the Trinity and the stationary aspects 
of the heavens is not nearly as striking as that of the polyhedra to the 
moving bodies. Indeed, in the Mysterium, far less emphasis was placed on 
the Trinity than on the polyhedra. It is not obvious whether this is due 
to the novelty or the impressiveness of the polyhedra, although Kepler's 
epistemological and methodological commitments suggest the latter. The 
Trinity analogy has too few of the virtues that Kepler ascribed to the 
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Copernican and polyhedral models (fruitfulness, a striking unification of 
phenomena, and so on). Nonetheless, even if the Trinity analogy, by itself, 
carried little weight for Kepler, it does not follow that it did not play an 
important role in Kepler’s commitment to the true sun. One thing empha- 
sized throughout this study is the importance for Kepler of being able to 
draw the same conclusion from a variety of sources. Perhaps the best expla- 
nation for Kepler’s confidence in the true sun, sufficient to sustain him 
through grueling calculations, is the convergence of support from both the 
physical and the metaphysical. 

Later in the Astronomia, Kepler argued that the dignity of the sun should 
be considered as much evidence for its centrality as his physical and later 
empirical arguments:! 


But indeed, if this very thing which I have just demonstrated « posteriori (from 
the observations) by a rather long deduction, if, I say, I had taken this as some- 
thing to be demonstrated 4 priori (from the worthiness and eminence of the sun), 
so that the source of the world’s life (which is visible in the motion of the heav- 
ens) is the same as the source of the light which forms the adornment of the 
entire machine, and which is also the source of the heat by which everything 
grows, I think I would deserve an equal hearing. (AN, 379; KGW III, 238) 


Although the sun’s dignity was not given much weight in the Astronomia, 
this result appears due not to the relative insignificance of metaphysical 
arguments for Kepler but rather to the Astronomia’s particular subject 
matter. 

Kepler’s empirical arguments to the true sun have features that would 
please one committed to architectonic harmony. The first is that when the 
apsidal line of Mars is drawn through the true sun rather than the mean 
sun, observed planetary positions are symmetric, in both distance from the 
sun and angular rate. In chapter 52, Kepler followed up on the promissory 
note of chapter 6 and, using the distances from chapter 51, demonstrated 
that the aphelial point should be placed at G (in figure 4.2), that corre- 
sponding arcs from aphelion (GE and GD) on either side are symmetric in 
distance from the apsidal line, and that these arcs are traversed in equal 
times only when the apsidal line is drawn through the true sun (at point A). 
If, by contrast, the apsidal line is drawn through the mean sun B and point 
C, the arcs GE and GD, which are equal in time traversing angular dis- 
tances, will be unequal in distances to the aphelial line (represented by the 
dotted lines BE and BD). As a result we get symmetry of distances on 
either side of the sun at equal arcs traversed in equal periods of time only 
when the true sun is used. (In figure 4.1, the solid line model is vindicated.) 

While the constraint of symmetry on astronomical models was standard, 
one can see how this would carry extra significance for Kepler, who be- 
lieved that the universe is geometrically elegant, and symmetry certainly 
has such elegance. 
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Figure 4.2. Apsidal Line through the True Sun 


Kepler’s second empirical argument has two parts. First, the nodes of 
Mars (the point at which the orbital plane of Mars passes through the 
orbital plane of the Earth) are in opposition to each other when taken 
relative to the true sun. Second, as a result of the placement of the nodes, 
the orbital plane is not required to librate. Kepler offered this argument in 
two sections of the Astronomia (chs. 12-14 and 61-62). His argument in the 
latter chapters is based on more accurate information about the planet’s 
path: “The ratio of the orbs of Mars and the Earth, the eccentricity of each, 
and the shape of their paths, have all been found with great certainty in the 
preceding chapters. Therefore, we can now easily accomplish here what we 
sought out in an approximate way in chapters 11, 12, 13, and 14” (AN, 605; 
KGW III, 385). In chapter 61 he determined that in 1595 the nodes were 
at 16°46’ Taurus and 16°46%’ Scorpio, exactly 180° apart (AN, 606; 
KGW IH, 386). When taken this way, the nodal line passes through the 
body of the true sun. If the model is constructed on the basis of the mean 
sun, then the nodes are not in opposition. Instead they are at 17°38’ Tau- 
rus and 15°44% Scorpio (AN, 631; KGW III, 401-2). Kepler thought this 
failure of opposition an implausible state of affairs: “For why will the diam- 
eter of the intersection of the planes not intersect the diameter of the 
apsides in the center from which the eccentricity originates ... ?” (AN, 
631; KGW III, 402). 

These arguments, that the inclination of the plane of the orbit is stable, 
and is approximately 1°50’, Kepler followed up in chapter 62. His fixing of 
the nodal line in chapter 61 did not require that the plane librate, an addi- 
tional argument that the plane indeed does not librate, and further support 
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for the accuracy of his placement of the nodes. In chapter 14 he used three 
different measures of the inclination, where Mars is close to conjunction 
with the sun, where it is in quadrature with the sun, and where it is in 
opposition to the sun. In chapter 62 Kepler repeated his argument with 
observations of Mars in opposition to the sun. Apparently he felt it unnec- 
essary to supply arguments based on conjunction and quadrature, simply 
encouraging readcrs to carry out the argument if they remained dissatisfied 
(AN, 611; KGW III, 389). Presumably he felt confident that by this point 
his arguments had been sufficiently persuasive. 

The symmetry (of times taken to traverse equal arcs and of distances) 
and elegance (stable inclination) of the true sun models would appeal to 
one who, like Kepler, believed that the universe was constructed to be 
aesthetically pleasing. Kepler at this point also had two independent empiri- 
cal arguments for the use of the true sun rather than the mean. The posi- 
tion of the nodes is independent of the position of the apsidal line. One 
does not determine the other. Two independent and aesthetically pleasing 
empirical arguments for the true sun, in addition to Kepler’s archetypal 
and physical arguments, were persuasive support indeed. 


The Vicarious Hypothesis 


Kepler constructed the first model based on the true sun in chapter 16. He 
still believed orbits to be circular, so to determine the orbit he needed to 
specify the placement of the apsidal line, the eccentricities of sun and 
equant, the size of the orbit, and the mean anomaly of one observation (the 
proportion of the period and time taken to traverse from aphelion to that 
observational position). These parameters, specified using four acronychal 
observations (oppositions), determine the angles from the sun at A in fig- 
ure 4.3, as well as the angles from equant point C, since motion around the 
equant is uniform. 

‘Yo determine the eccentricity of the sun to the center (AB) and the 
eccentricity of the equant (BC), Kepler assigned values for angles FCH 
(the mean anomaly) and FAH (the true or coequated anomaly). He tested 
each assignment of values by trigonometrically determining whether the 
points F, G, D, and E lie on a circle, and whether B lies on a line between 
A and C. If not, then he assigned different values and started again. This 
was no easy task: “If this wearisome method has filled you with loathing, it 
should more properly fill you with compassion for me, as I have gone 
through it at least seventy times at the expense of a great deal of time, and 
you will cease to wonder that the fifth year has now gone by since I took up 
Mars” (AN, 256, KGW III, 156).!3 The result was a model in which if the 
radius is taken to be 100,000 units, then the whole eccentricity (AC) is 
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Figure 4.3. The Vicarious Hypothesis 


18,564, the eccentricity of the sun to the center (AB) is 11,332, and the 
equant to the center (CB) is 7,232 (AN, 269; KGW III, 269). 

In chapter 18 Kepler tested the vicarious hypothesis against twelve acro- 
nychal observations, finding it accurate within about two minutes.'* None- 
theless, in chapters 19 and 20 he immediately refuted the vicarious hypoth- 
esis against observations of a different type from those on which he had 
originally constructed the model. Kepler used two independent means to 
show that the eccentricity in the vicarious hypothesis was incorrect. In 
chapter 19 he used acronychal latitudes to determine that the distance 
from the sun to the center (AB) should be between 8,000 and 9,943 (nearly 
a bisected eccentricity) rather than the 11,332 determined by the vicarious 
hypothesis (AN, 281-83; KGW III, 174-76). A bisected eccentricity gave 
better distances, but was not as good for the twelve longitudinal positions 
used for testing the vicarious hypothesis in chapter 18. The error in helio- 
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centric longitude introduced by a bisected eccentricity was about eight 
minutes for positions near the octants, which Kepler found unacceptable. 

Although an cight-minute error had been acceptable to previous astron- 
omers, Kepler was sure that Brahe’s data were accurate to within two min- 
utes of arc. As many of Kepler’s commentators have noted, this refusal to 
accept an eight-minute error was a pivotal moment. Had Kepler accepted 
it, ending the Astronomia with the vicarious hypothesis, this would have 
been a significant achicvement, for the hypothesis was more accurate than 
previous models. But it pales in comparison to the contributions Kepler 
eventually made, a reform of astronomy motivated by the erstwhile accept- 
able cight-minute error. Kepler credited this turning point, in large mea- 
sure, to Brahe, 


since the divine benevolence has vouchsafed us Tycho Brahe, a most diligent 
observer, from whose observations the 8’ error in this Ptolemaic computation is 
shown. . . . Now, because they could not have been ignored, these eight minutes 
alone will have led the way to the reformation of all of astronomy, and have 
constituted the material for a great part of the present work. (4N, 286; KGW TII, 
178) 


I 
Although this statement suggests that Kepler had already rejected the vi- 
carious hypothesis, he immediately offered another argument against it. In 
chapter 20 Kepler used nonacronychai observations, where the Earth is 
orthogonal to the sun and Mars, to determine the distance from sun to 
center (AB) to be somewhere between 8,377 and 10,106, rather than 
11,332 (AN, 287-90; KGW II, 178-80). 

In light of the discussion of the Mysterium and the Apologia, it is clear 
why Kepler rejected the vicarious hypothesis. It was accurate enough for 
the phenomena on which it was based but not for related phenomena.’ 
Although one could save the related phenomena by constructing separate 
models for longitudes and latitudes, such models could not be consis- 
tently unified in a single orbit. The vicarious hypothesis lacked the fruit- 
fulness and unity that Kepler praised in the Copernican model. As noted 
earlier, because these archetypally grounded theoretical virtues were nec- 
essary to distinguish between mere empirical adequacy and truth, the vi- 
carious hypothesis had to be rejected as a model of the actual Martian 
orbit. 

Kozhamthadam (among others) observes that: 


Perhaps in no other instance is his [Kepler’s] emphasis on observation or empir- 
ical inquiry more conspicuous than in the discovery [and rejection] of the vicari- 
ous hypothesis. . .. Kepler’s emphasis on observations to arrive at the correct 
astronomical theory was even more striking in his refusal to accept the time- 
honoured bisection of the eccentricity.'® ... What would have been more har- 
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monious and symmetrical than having the eccentricity equally divided by the 
center of the orbit? (Kozhamthadam1994, 166-67), 


Kozhamthadam nonetheless refuses (rightly) to conclude that Kepler’s 
cosmological views became less important or unimportant. Indeed, they 
became quite important in the physical exploration and justification of the 
ellipse. 


The New Physics 


In the introduction to the Astronomia Kepler implied that the connection 
between the geometrical and physical levels of the universe justifies, and 
indeed requires, the conjunction of astronomy and physics:!” 


Indeed, all things are so interconnected, involved, and intertwined with one 
another that after trying many different approaches to the reform of astronomi- 
cal calculations, some well trodden by the ancients and others constructed in 
emulation of them and by their example, none other could succeed than the one 
founded upon the motions’ physical causes themselves, which I establish in this 


work. (AN, 48; KGW TTI, 20) 


Before Kepler could effectively use physics to ground astronomy, he had 
to discover the criteria for a plausible physical explanation. ‘Lraditional 
Aristotelian physics was not suitable. Kepler argued that geometrical 
points cannot be physically efficacious, and, as a result, the center of the 
universe, qua geometrical center, cannot account for the movements of 
physical bodies. Only centers qua centers of physical bodies can attract 
other bodies (AN, 54-55; KGW III, 24-25). 

One such criterion is a consequence of Kepler’s conception of the rela- 
tionship between God, the human mind, and the physical universe. In the 
Mysterium Kepler claimed that an implication of our creation in Gad’s 
image is that our minds can recognize the archetypes. In April 9/10, 1599, 
Kepler reexpressed this belief in a letter to Herwart von Hohenburg: 


To God there are, in the whole material world, material laws, figures and rela- 
tions of special excellency and of the most appropriate order... . Let us there- 
fore not try to discover more of the heavenly and immaterial world than God has 
revealed to us. Those laws are within the grasp of the human mind; God wanted 
us to recognize them by creating us after his own image so that we could share 
in his own thoughts.!® (Baumgardt 1951, 50; KGW XIII, 308-9). 


Kepler used this to delimit the kinds of physical hypotheses that could 
count as plausible. Given the mirroring between archetypal and physical 
structures, physical hypotheses that “disturb the mind”!” can be ruled out. 
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By “disturbing the mind” Kepler meant something like this. If we can- 
not think of an event occurring unless we think of it as occurring in time, 
then the concept of events and the concept of time are linked together. If 
we cannot think of motion without thinking of it occurring in space, then 
the concept of motion and the concept of space are linked together. As a 
result, to try to conceptualize events without time, or motion without 
space, is to think in a way that disturbs the mind. This thesis is more than 
just psychological for Kepler; it is ontological as well, because of the con- 
nection between our minds and the archetypes, and between the arche- 
types and the physical world. 

The criterion of comprehensibility played a significant role in Kepler's 
argument that the sun causes the planets’ variation in speed, for it allowed 
Kepler to narrow the range of possible causes to either the plancts or the 
sun. Kepler noted that speed is correlated with distance and suggested that 
either one is the cause of the other, or some third cause is the cause of both. 
But Kepler ruled out a third cause on the grounds that it would be impossi- 
ble to conceive of such a cause (AN, 376; KGW III, 236). 

One wonders why Kepler said this. One could certainly come up with a 
more convoluted story. For example, perhaps for archetypal reasons the 
density of a planet increases the further it is from the sun, and the differ- 
ence in density is the cause of the variation in velocity but not the cause of 
the distances. In this example, the archetypes cause both the distances and, 
indirectly, the velocities. The direct cause of velocity is unrelated to dis- 
tance. Kepler later considered the possibility that planets vary in density, 
resulting in varied resistance to the sun’s force (Epitome, 880; KGW VII, 
283). Be that as it may, accepting the impossibility of imagining some third 
cause allowed Kepler to move with confidence to focusing on the remain- 
ing two possibilities. Here it is plausible to say that Kepler had the goal in 
sight, and his focus was on justifying rather than exploring the main cause 
of planetary motion. 

In chapter 33 Kepler argued that the variation of distance must be the 
cause of the variation in motion, rather than the reverse, because distance 
is prior conceptually to motion. 


For distance from the center is prior both in thought and in nature to motion 
over an interval. Indeed, motion over an interval is never independent of dis- 
tance from the center, since it requires a space in which to be performed, while 
distance from the center can be conceived without motion. Therefore, distance 
will be the cause of intensity of motion, and a greater or lesser distance will result 
in a greater or lesser amount of time. (AN, 377; KGW IIL, 236) 


In other words, to conceptualize motion without thinking of distance is to 
think in a way that disturbs the mind. Distance, however, can be conceptu- 
alized without reference to motion and is therefore prior to motion. As a 
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distance is defined by its end points, the cause of planetary motion must be 
at one of the end points. That is, either the planet or the sun is the cause 
of the planet’s motion (AN, 377; KGW III, 236).2° 

In chapter 33 Kepler presented various arguments that the primary mo- 
tive force is provided by the sun, not the planets. He argued that the plan- 
ets’ speed varies relative to their distance from the sun, that the apsides and 
orbital plane of Mars are best represented as drawn through the sun, and 
that the sun is the most dignified heavenly body (AN, 378-79; KGW II, 
237-38). 

Once again, Kepler used his archetypes to justify known results. He al- 
ready believed that the sun was the primary motive force, and his purpose 
here was to persuade the reader that the philosophical foundations of such 
a claim were solid. He needed to offer an alternative to the Aristotelian 
conception of the essential characteristics of heavenly bodies in motion. 
That is why he emphasized that his physical approach was both compre- 
hensible and, given the sun’s dignity, appropriate. 

At this point, however, Kepler had not yet offered an explanation of the 
efficient causes of planetary motion. But he thought that any study of the 
physical universe must at least point toward efficient causes, and that the 
nature of these is material. There are two aspects of Kepler’s materialism. 
First, he aimed at producing a physical theory of the universe that would 
describe the universe as a mechanical system: 


My goal is to show that the heavenly machine is not a kind of divine living being 
but similar to a clockwork in so far as almost all the manifold motions are taken 
care of by one single absolutely simple magnetic bodily force, as in a clockwork 
all motion is taken care of by a simple weight. And indeed I also show how this 
physical representation can be presented by calculation and geometrically. (Let- 
ter from Kepler to von Hohenburg, February 10, 1605; quoted in Caspar [1959] 
1993, 136; KGW XV, 146) 


Second, he was guided by the idea that celestial physical causes are similar 
to terrestrial physical causes. This similarity allowed him to speculate on 
the nature of celestial causes by drawing on analogies with more ordinary 
Earthly causes. The method of uncovering causal mechanisms by analogy 
with known forces is evident, perhaps paradoxically, in Kepler’s discussion 
of the possibility of planetary minds as guiding forces. 

Kepler argued that even with minds, planets need some external indica- 
tion of where they are in orbit and how fast they are going because they 
have to speed up and slow down accordingly. Yet the only indicator avail- 
able to the planet is the sun’s apparent diameter, as the eccentric circle and 
epicycle alike are centered on empty points. Just as sailors cannot orient 
themselves on the ocean without physical indicators of where they are, 
neither can planetary minds in orbit (AN, 412-13; KGW III, 260). Even if 
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one supposed that a planetary mind could observe the apparent changes in 
the sun’s diameter, and use that as a marker, it would also need to bear in 
mind the measure of libration, and these changes cannot be unified by a 
simple proportion: 


It should be known, however, that the increases of the diameter of the sun and 
the arcs of the epicycle do not square with each other well, and so the motive 
mind will have to have a very good memory. (AN, 415; KGW III, 262) 


You see, my thoughtful and intelligent reader, that the opinion of a perfect 
eccentric circle for the path of a planet drags many incredible things into physi- 
cal theories. This is not, indeed, because it makes the solar diameter an indicator for the 
planetary mind, for this opinion will perhaps turn out to be closest to the truth’! but 
because it ascribes incredible faculties to the mover. (AN, 416; KGW III 262; emphasis 
added). 


The mental power required of the planet is incredible, for it must remem- 
ber which libratory movements correspond to which apparent solar diame- 
ters. This task is difficult because the two do not covary if the orbit is 
assumed to be circular. For Kepler, if the appeal to planetary minds is to 
explain efficient causation, then one cannot ascribe supernatural powers to 
them. If there must be minds, then we need to explain how they are able to 
perform their function naturally, and so physical explanations will involve 
reference to some body regardless. 

Although these arguments favor his hypothesis over the Ptolemaic (re- 
call how epicycles require the planet to orient itself around an empty 
point), Kepler preferred analogies based on physical causation. While 
working on the Astronomia, he also wrote the Astronomiae pars optica 
(1604).* Not only did this study provide Kepler with an account of refrac- 
tion and its effect on astronomical observations, it also provided an exam- 
ple of how a body can exude a force acting on distant bodies. 

Given the influence of Neoplatonists like Plotinus on Kepler, it was 
natural for him to draw analogies between light emanating from the sun, 
motive force emanating from the sun, and creative force emanating from 
God.” The analogy between light and motive force was especially apt— 
not only did they relate to the Trinity, Kepler believed, but they related to 
physical objects in much the same way. 

Kepler proposed that motive force, although not corporeal, has the on- 
tological status of being potentially physical: “exactly like light, between 
the source and the movable thing it is in a state of becoming, rather than 
of being” (AN, 382; KGW III, 240). Kepler argued that “the species can exist 
or subsist nowhere in the world but in the bodies of the mobile things 
themselves” (AN, 382; KGW II, 240), that the motive force takes no time 
at all to travel distances, and that it loses none of its power over distances. 
Nonetheless, he claimed that since the motive power originates from phys- 
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ical bodies and acts on them, it is subject to geometrical laws just as light is. 
As a result, the effect of motive power attenuates with distance, as it spreads 
out over a larger area. The spreading, rather than the loss of power, ex- 
plains the inverse proportion of the planet’s speed to its distance from the 
sun (AN, 381-83; KGW II, 240-41).*4 

Kepler noted that although light served as a useful analogy, magnetic 
force was even better: “The example of the magnet I have hit upon is a very 
pretty one, and entirely suited to the subject; indeed, it is little short of 
being the very truth” (AN, 390; KGW III, 246). Kepler felt that an explora- 
tion of magnetic forces was promising, already believing William Gilbert’s 
claim that the Earth is a giant magnet: “It is therefore plausible, since the 
Earth moves the moon through its species and is a magnetic body, while the 
sun moves the planets similarly through an emitted species, that the sun is 
likewise a magnetic body” (AN, 391; KGW III, 246). 

Magnets have several parts, including an attracting force, a repulsing 
force, and a directing force that orients metal strips in particular patterns. 
Kepler thought it plausible that the motive force of the sun is not an at- 
tracting or repulsing force, but a kind of directing force, a transverse push- 
ing force (AN, 390; KGW III, 246), while the libration is explained by 
attraction and repulsion between the sun and the planet’s magnetic poles. 

Kepler proposed that since the planets move around the zodiac, the 
magnetic fibers are set perpendicular to the poles of the sun. The sun spins 
on its axis, flinging rays of magnetic power in straight lines out in a circle. 
These rays grab on to the planets and push them in a circle close to the 
ecliptic. The planets only move in one direction because the sun only spins 
in one. The planets stay near the ecliptic because the filaments at the poles 
are not suitable for moving the planets around. Figure 4.4 illustrates this 
nicely. In the left-hand figure, the sun is as it appears to a planet on the 
ecliptic. All the magnetic fibers are pointing in a single direction, pushing 
the planet in one direction. The right-hand figure shows how the sun 
would appear if the planet was high above the ecliptic. As the planet moves 


Figure 4.4. The Magnetic Rays of the Sun 
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farther away from the ecliptic, the moving force becomes more compli- 
cated, with fibers pointing in opposite directions. This arrangement, Kep- 
ler stated, is unsuitable for moving the planets around (AN, 398-99; KGW” 
IH, 251-52). 

The magnetic analogy, as developed thus far, only explains how the 
planets move in a circle. It does not explain their movement toward and 
away from the sun. Kepler proposed that the planets must exert some kind 
of force and suggested that the power that the planets exert produces 
movements similar to those of a boat when an oar is used to steer the boat 
(AN, 404-5; KGW III, 255). Kepler used this analogy to explain how some- 
thing can interact with a force to alter its effect, and to explore what prop- 
erties a planet’s powers would have to have to interact with the motive 
power from the sun and produce the appropriate motion. 

All of these analogies share a common feature. They are based on the 
assumption that celestial activity is similar to the terrestrial (in the case of 
planetary minds, the supernatural is naturalized). Although the drive for 
explanatory unification was not new with Kepler (recall Thales), there was 
a strong tradition to view the celestial and the terrestrial as distinct, just as 
the divine and the physical were not to be conflated. While Kepler adhered 
to the latter distinction, he did not think the divine began at the borders of 
the Earthly. It belonged rather to an entirely different plane (the arche- 
typal). Anything accessible to the senses is not divine but a material repre- 
sentation of it. As a result, the physical universe includes celestial bodies, 
and these bodies are subject to the same principles as other physical bodies, 
because they were all created to instantiate the archetypes. For Kepler, 
then, his archetypal universe permitted the exploitation of knowledge of 
terrestrial causes without requiring the more radical abandonment of the 
distinction between the divine and mundane. 

By the end of chapter 39, Kepler had a sketch of what he expected the 
new physics to look like and, perhaps more important, an account of what 
it could not be. The new celestial physics could not be mysterious, it could 
not invoke empty points in space in causal explanations, and it could and 
perhaps should be commensurate with terrestrial physics. 


Kepler’s Second Law 


Before we discuss the second law,’* a review of terminology is in order. 
Kepler spoke of “delay” rather than “velocity,” where the delay of a planet 
is the time it takes to span a small arc of its orbit. The slower the velocity, 
the larger the delay. Stephenson argues that Kepler used delays rather than 
velocities because delays could be represented geometrically, whereas ve- 
locities could not. I Iere Stephenson (1987, 62) refers the reader to Euclid, 
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noting that velocities cannot be represented as proper ratios that could be 
represented geometrically. While this seems right, Stephenson does not 
comment on the likely significance of the archetypes here. Given that 
Kepler saw the universe as ordered by geometrical archetypes, a nongeo- 
metrical representation of a physical aspect of an orbit would not be ame- 
nable to archetypal substantiation. In the next section I discuss how Kepler 
made the archetypal significance of geometrical representation explicit. 

In chapter 32 Kepler argued that the physical interpretation of the 
equant model implies that for equal arcs at the apsides, the delays are pro- 
portional to the distances from the sun. This proposal is known as Kepler’s 
distance law, though he did not refer to it as such. Kepler closed chapter 32 
by noting that the distance law did not exactly match the equant model 
when outside the apsides. 

At the end of part ITI, Kepler addressed the issue of how to determine 
the position of the planet in its orbit. The distance law did not provide an 
easy answer, for the time taken to traverse a given arc varied with distance 
from the sun, and so determining the position required a summation of an 
infinite number of individual distances. To cope with this problem Kepler 
devised a geometrical calculation substitute. He divided the circle into one 
degree segments around its center B (figure 4.5), forming sectors CGB, 
GHB, and so on. Because the altitudes and areas of the triangles within 
each sector are equal, and the arcs are equal, the areas of the sectors can be 
taken for the arcs, and can be used as a measure of the distances they con- 
tain, and of the times taken to traverse the arcs. Furthermore, because the 
distances from the sun at A to the circumference are in the same circle as 
those from B, the sum of the areas measures the sum of the distances to the 
sun that the areas contain. This insight led to what today is called Kepler’s 
second law (the area law), that the line between the planet and the sun (the 
radius vector) sweeps out equal areas in equal amounts of time. 

Kepler, however, realized that the areas from the center of a circular 
orbit did not precisely measure the distances from the sun in a circular 
orbit, because the sectors constructed with equal arcs CG, GH, and so on, 
have unequal bases if the sun rather than the center of the circle forms the 
third vertex. To demonstrate the discrepancy, Kepler devised a figure that 
was constructed by unfolding half of the circular orbit (figure 4.5) and 
representing the radii as parallel (CB, GB, and so on). In figure 4.6a, the 
line CGHFIKD is the unfolded circumference of the half-circle CED. 
The line BBBBBBB simply represents the center of the orbit B, with dis- 
tance CB in figure 4.5 corresponding to CB in figure 4.6a, GB to GB, and 
so on. Area CGBB in figure 4.6a is proportional to CGB in figure 4.5, 
though the rectangle is twice the size of the triangle, since B was “stretched 
out” to form two corners of the rectangle. As a result, the area of the figure 
in figure 4.6a is proportional to the areas from the center B in figure 4.5. 
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Figure 4.5. The Circular Orbit for the Areas 


The areas from the sun A are represented by the conchoid in figure 4.6b, 
where A is stretched out over the curve AAAAAAA, Area CGAA in figure 
4.6b is proportional to area CGA in figure 4.5. 

But notice that the areas of triangles from the sun A represented in fig- 
ure 4.6b are not equal to those from the center B represented in figure 
4.6a. The figure that would be equal is the one in figure 4.6c. This measures 
the sum of the distances CA, HR, and so on, which are constructed in 
figure 4.5 by taking the perpendicular from A to the line from the point on 
the circumference through B. Kepler showed us this construction for H, 
where the perpendicular from A to the line through H and B is at R in 
figure 4.5. The same can be done for Q, S, and L in figure 4.6. 

The discrepancy between the two figures (figures 4.6b and 4.6c) gave 
Kepler an idea of how the sums of areas from the center (figure 4.6a) dif- 
fered from the sums of distances from the sun (figure 4.6b). Interestingly 
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Figure 4.6. Kepler’s Conchoids 


enough, it turns out that the conchoid in figure 4.6c measures the distances 
from the sun in an elliptical orbit. In a circular orbit, however, this con- 
choid is physically peculiar, as it measures distances to a point off the sun 
(R, Q, and so on), rather than distances to the sun. As characterized in 
chapter 40, the orbit based on this conchoid is physically implausible. 

Despite this, the means of measuring sums of distances by the sums of 
areas has something going for it that the distance law does not; the areas 
described are symmetric to the center of the conchoid (figure 4.6c), 
whereas the conchoidal depiction of the distance law is not. There is now 
a conflict between Kepler’s different notions of plausibility. The area rule 
has features that make it archetypally plausible, whereas the distance law 
was physically motivated. If Kepler still believed at this point that the geo- 
metrical and the physical mapped onto each other, then the discrepancy 
between the area rule and distance law should have been troubling. Kepler 
gave little evidence of being troubled at this point. So if anything, Kepler’s 
area rule is a counterexample to my thesis that he still required astronomy 
to conform to the archetypes. One should bear in mind, however, that 
Kepler had not yet completed his war on Mars, and his triumph would 
eventually involve a geometrically elegant account of its orbit. 


Oval Orbits 


One wonders how difficult it must have been for Kepler to give up the 
circular orbit. Not only was he going against a time-honored tradition 
(which admittedly he was willing to do in other cases); he was also giving 
up the calculational ease of circles, and abandoning an obvious archetypal 
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explanation for the shape of orbits. A study of the Harmonice reveals he was 
unwilling to suppose that the physical orbit simply deviated from its arche- 
typal shape.?* One theme of this study is that Kepler was committed to the 
idea that the physical replicates perfectly the divine, without deviation. I 
am not aware whether he had at this time conceived of harmonic ratios as 
filling the gap. He did, however, conceive of harmonic ratios as early as 
1599 as potentially explaining the periodic times of the planets (Kepler 
wrote of this in a letter to von Hohenburg, August 6, 1599; KGW XIII, 
21-41). But even if he had, he did not have sufficient reason to be confident 
that an archetypal explanation for elliptical nonuniform motion was forth- 
coming. Kepler had not yet obtained the wonderful convergence of results 
that would have given him such confidence. Nonetheless, he was willing to 
struggle with noncircular orbits, a task so frustrating that at times he “was 
straining and gnashing ... [his] teeth” (AN, 458; KGW HI, 290). At this 
point, the noncircular orbit was determined a posteriori (AN, 455; KGW 
III, 288), which for Kepler amounted to a “lucky guess.””” 

To determine the placement of the orbit, Kepler needed to locate the 
circle that would pass through the apsidal line (and be symmetrical to it) as 
well as three observed positions. In chapter 41 he found ‘that once the 
apsidal line was placed, no circle was consistent with all three observed 
positions. In chapter 42, Kepler determined the apsidal line more pre- 
cisely, and used this line in chapter 43 with a bisected eccentricity and the 
area rule to determine where the planet would be at a given time. By tri- 
angulations he determined that his theory made the planet move too 
slowly near the apsides and too quickly in the mean distances. He argued 
that the area rule was not at fault because, given its discrepancy with the 
distance law, it would have erred in the opposite direction (AN, chs. 41- 
44). Because the area rule was not at fault, the orbit had to be noncircular. 

Once he determined that the orbit is not circular, he attempted to deter- 
mine a model for the noncircular orbit, which he believed to be an oval 
(Kepler mentioned the need for an oval orbit in a letter to Fabricius on 
October 1, 1602; KGW’ XIV, 278). Here Kepler’s metaphysical commit- 
ments are at the fore, quite possibly because the oval is of lesser divinity 
than the circle, and so its selection required metaphysical justification. 
This concern is suggested by Kepler’s rejection of the first physically de- 
fined ovoid model of chapter 45. The model was constructed from two 
principles: that the epicycle turns uniformly, and that the motion of the 
planet around the sun is nonuniform but proportional to the distances. 
The problem was that Kepler could not generate the orbit geometri- 
cally. One cannot determine the length of the arc traversed at a given time 
unless one knows the total length of the orbit, which in turn cannot be 
determined unless one knows the length of the arc traversed at a given 
time. 
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This, as you sec, begs the question, and in our operation we presupposed what 
was being sought, namely, the length of the oval. This is not just a fault in our 
understanding, but is utterly alien to,the primeval ordainer of the planetary 
courses: we have hitherto found ng anticipation of such lack of geometry in the 


rest of his works. (AN, 489; KGW III, 310) 


Because it did not have the right geometrical match, the ovoid model could 
not comport with an archetypal account. Stephenson (1987, 103) notes 
that there is nothing physically problematic with the first ovoid model, and 
that its rejection displays a greater interest in archetypal models than in 
physical models . On my interpretation it is precisely a concern with physi- 
cal understanding that motivated the rejection. Kepler believed that it is 
the possibility of correspondence to an archetypal model in virtue of which 
one could be confident that a physical model is correct. My contention is 
that viewing his archetypal approach as an alternative to physics obscures 
the purpose of developing aesthetically pleasing geometrical models, to 
wit, constructing the true physical astronomy. 

Because of the difficulties with the first oval, in chapter 49 Kepler of- 
fered a modified epicycle model where the center of the epicycle, rather 
than the planet, moves nonuniformly, at a speed inversely proportional to 
distance from the sun (AN, 490-92; KGW ITT, 311-12). This model was 
less empirically adequate than the first epicycle model, and it was also in- 
consistent with Kepler’s denial of the physical reality of epicycles, as he 
commented in a side note (AN, 491; KGW III, 311-12). In the first ovoid 
model the epicycle can be used as a mathematical device, whereas in the 
second it cannot because there its center plays an explanatory role. In the 
modified oval, the motion of the center of the epicycle, rather than the 
planet, is determined by distance from the sun, which means that the sun’s 
motive force would have to act on an empty point in space rather than on 
a body. Thus, although the second model was geometrically definable, it 
did not fit Kepler’s requirements for physical plausibility and empirical 
accuracy. 

Exploring these models did not prove fruitless, however. In doing so, 
Kepler determined the proportion of the lunula (a figure in the shape of a 
narrow crescent, like a crescent moon) that had to be sliced from the circle. 
This calculation led to a rather serendipitous discovery. He needed the 
lunula to be about 429 parts at the widest section and noticed that in an 
orbit with a radius of 100,000, the secant of the angle measuring the great- 
est optical equation is 100,429. The optical equation is the angle sun- 
planet-center, angles AGB, AHB, AEB, and so on, in figure 4.7. The opti- 
cal equation is greatest around E, where the widest slice of the lunula 
needed to be. Kepler suggested that the radius be substituted for the secant 
to produce the correct orbit. What he meant by this is that distances from 
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D 


Figure 4.7. Determining the Proportion of the Lunula 


the sun GA, HA, EA, and so on should be the lengths of lines constructed 
by dropping a perpendicular from A to the line through the planet and the 
center of the orbit. The distances from the sun are thus determined by HR 
rather than HA, EB rather than EA, and so on in the same manner that the 
distances for the conchoid in figure 4.6c were determined. 

Again, for the same reason that Kepler’s conchoid in figure 4.6c is pe- 
culiar, these distances are physically peculiar because they are not deter- 
mined as distances between bodies. That is, while the distances con- 
structed in this manner are distances between the planet and the sun, they 
are not constructed as distances between the planet and the sun. The method 
of construction is not physically motivated and does not naturally suggest 
a physical explanation for the orbit. At this point Kepler had not finished 
investigating the causes of Mars’s motion. He needed an accurate physical 
account of what caused the planet to librate. 
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Physical and Geometrical Models of Libration 


Kepler observed at the opening of chapter 57 that once he had determined 
the orbit to be noncircular, his physical analysis would proceed more accu- 
rately. He stated that the libration of the planet varies with the versed sine 
of the eccentric anomaly (angle DBC in figure 4.8). Kepler spoke as 
though he was offering a physical account of libration: “The reciprocation 
[libration] is coordinated with the space traversed on the eccentric by natu- 
ral means, which depend not upon the equality of the angles DBC, EBD, 
FBE, but upon the strength of the ever increasing angle DBC, EBC, FBC” 
(AN, 547; KGW III, 348). He added in a side note that the strength of the 
angle at the center of the orbit (B) “is the reason why the versed sine of the 
eccentric anomaly is the measure of this reciprocation [lbration]” (AN, 
547-48; KGW III, 348). 

Although Kepler spoke in this manner, he was well aware that the versed 
sine measure was a geometrical rather than a physical account. The eccen- 
tric anomaly is the angular distance of the planet from aphelion, measured 
by the angle at the center of the orbit. If the planet is at D, the eccentric 
anomaly is measured by CBD. ‘This center is a geometrical point, rather 
than a physical body, and so, in accordance with Kepler’s physical princi- 
ples, the versed sine of the eccentric anomaly cannot be a physical measure. 
Again, for Kepler geometrical points could play no role in physical expla- 
nations, as they are not causally efficacious. 

Kepler was not confused, he was merely confident in the versed sine 
measure. It is the first clegant geometrical formula he had been able to 
derive after rejecting the circular orbit. Holton (1956, 346) interprets this 
lack of distress as an indication of Kepler’s lack of commitment to physical 
explanations, because he had an alternative geometrical model to fall back 
on. My claim is that given Kepler’s belief in the mirroring of domains, an 
elegant geometrical measure suggests a corresponding physical cause, and 
so he felt confident that an adequate physical model was forthcoming: 
“And since the finger points to a natural way of measuring this reciproca- 
tion [libration], its cause will also be natural; that is, it will be some natu- 
ral—or better, corporeal—faculty, and not a planetary mind” (AN, 548; 
KGW III, 348). In other words, if a simple equation can describe such 
complex motion, then it is likely a simple physical mechanism that caused 
it. This claim implies that Kepler continued to believe in the mutual map- 
ping of geometrical and physical models, and that geometrical regularities 
indicate physical causes. This is very different from seeing geometrical 
models and metaphysical models as mere backup positions. 

Kepler’s next step was to explore a physical account of libration. He 
thought that conceiving the planets as magnets held the key to uncovering 
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Figure 4.8. The Strength of Libration 


the causes of libration: “But come: let us follow more closely the tracks of 
this similarity of the planetary reciprocation [libration] to the motion of a 
magnet, and that by a most beautiful geometrical demonstration, so that it 
might appear that a magnet has such a motion as that which we perceive in 
the planet” (AN, 554; KGW II, 352). In Kepler’s “beautiful demonstra- 
tion,” the magnetic axis of the planet is represented by DA, and the sun is 
on the line through BK, in the top figure of figure 4.9. D is the pole at- 
tracted to the sun, and A is the pole repulsed. Angle CBI is the coequated 
anomaly (and, hence, so is PCB) measured by arc IC. The coequated 
anomaly, or the true anomaly, is the angular distance of the planet from aph- 
clion as measured by the angle at the sun, angle CAD in figure 4.8. Arc IG 
measures the eccentric anomaly, which is CBD in figure 4.8. Angles DBK 
and ABK indicate the exposure of attractive and repulsive poles to the sun, 
and the relative sizes or “strengths” of these angles measure the attractive 
and repulsive forces. Kepler’s next move was to assume that the effects of 
the strength of angle DBK, against the strength of angle ABK, would work 
according to the law of balances. Kepler did not explain this assumption, 
saying only that “since the strength of this angle is natural, it will follow the 
same ratio as the balance” (AN, 556; KGW II, 353). Presumably he was 
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Figure 4.9. Kepler’s Beautiful Magnetic Demonstration 


following the tradition of mechanics in assuming that mechanical move- 
ments were reducible to the balance.’ If the system is in equilibrium in the 
position shown,”’ then it can be reduced to a balance in equilibrium with 
arms DP and AP suspended from CP (this is clearest if figure 4.9 is rotated 
45 degrees so that CP is vertical). This result occurs because the ratio of 
strengths of ZDBK:ABK is proportional to the ratio of weights D:A, and 
therefore inversely proportional to lengths DP:AP. Because DP measures 
the repulsive force, and AP the attractive force, the net force will be the 
difference between DP and AP, which is SP, constructed by marking AS as 
equal to DP. SP is always twice PB, which is equal to CN, the sine of the 
coequated anomaly. Therefore, at a given time the strength of the planet’s 
attraction to, or repulsion from, the sun is measured by the sine of the 
coequated anomaly (AN, 555-56; KGW HI, 352-53). 

The sine of the coequated anomaly is a candidate for counting as a phys- 
ical measure, because the coequated anomaly is the angular distance of the 
planet from aphelion as measured at the sun. That is, the vertex of the 
angle of the coequated anomaly is at the center of a body, and not simply 
an abstract mathematical point. Although this sine may be a measure of a 
physical force, it did not by itself constitute a physical theory for Kepler, 
because he believed that such theories are qualitative descriptions of the 
causal mechanisms involved. 

So far Kepler had explained only what the strength of the magnetic force 
would be at a given time. His next move was to account for the cumulative 
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effect over time, and to argue that this would be equivalent to the versed 
sine of the eccentric anomaly: 


The measure of the distance of the reciprocation [libration] traversed by these 
continuous increments of power is quite another thing. For the observations 
show that if the eccentric anomaly GI corresponds to the equated anomaly IC, 
the versed sine IH of the arc GI is the measure of the reciprocation [libration] 
accomplished [figure 4.9]. If this can also be deduced from the previously indi- 
cated measure of the speed CN, then we shall have reconciled experience with 
the demonstration involving the balance. Since the sine of any arc is the measure of 
the strength of that angle, the sum of the sines will be an approximate measure of the 
sum of the strengths or impressions over all the equal parts of the circle. (AN, 556-57, 
KGW IU, 353-54; emphasis in original) 


He noted that while the two measures were not precisely equivalent, the 
errors were negligible (AN, 559; KGW MI, 355). What Kepler showed is 
that the sum of sines up to a given point on the circle is equivalent to the 
versed sine at that point. He evaded the issue of whether the versed sine 
of the eccentric anomaly is equivalent to the sum of sincs of the coequated 
anomaly. ' 

A more serious difficulty for Kepler’s magnetic account of libration was 
that it required the magnetic poles to maintain a constant inclination to the 
apsidal line, and there seemed no part of the Earth’s body suitable to the 
test. The Earth’s axis, the most likely candidate, did not have the appropri- 
ate fixed orientation. 

Kepler’s inability to provide a sound magnetic theory of libration was 
not necessarily a failure. As a last resort, he developed an account of how 
planetary minds could have the knowledge to instantiate the versed sine 
measure. This account did not require the planets to orient themselves 
around an empty point in space. On the basis of the position of the fixed 
stars, the apparent change in the sun’s diameter, and its own position, the 
planetary mind could determine where it has to be. It turns out, Kepler 
argued, that the sun’s apparent diameter changes as the versed sine of 
the coequated anomaly, and this regularity provides sufficient informa- 
tion for the planet to determine its appropriate position (AN, 566; KGW 
Il, 359). 0 

The appeal to planetary minds was far from Kepler’s first choice, but 
even so his account of libration avoided the sorts of absurdities he attrib- 
uted to other models (e.g., having to use empty points as references). Also, 
as mentioned before, Kepler’s geometrical account of libration strikingly 
unifies the very complex nonuniform motion of the planets, which itself is 
grounds for confidence, because the production of diverse phenomena 
from a simple rule indicates its construction on the basis of some arche- 
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type. Recall Kepler’s belief that because simplicity, unity, and aesthetic 
elegance are part of God’s essence, these features will be reflected in the 
created world. The versed sine measure has these features, and so Kepler 
could, on the basis of his archetypes, consider it an accurate depiction of 


reality. 


The Ellipse of Chapter 59 


Kepler’s success with geometrical unification continued in chapter 59 with 
his construction of the ellipse. The ellipse can be generated from Kepler’s 
account of libration, and under the ellipse the sum of the areas measured 
the sum of the distances exactly.*° 

One should note that Kepler used the areas on a circle to measure the 
sum of distances on an ellipse. He justified this substitution in chapter 59. 
His goal was to establish that sectors on an ellipse are proportional to the 
corresponding sectors on a circumscribed circle, and that the areas of the 
circle are proportional to the corresponding distances of the ellipse. To do 
this, he inscribed an ellipse in a circle, and dropped perpendiculars from 
the circumference of the circle to the apsidal line (e.g., KML and EBH in 
figure 4.10). The ratio of a given perpendicular from the circle to the cor- 
responding one on the ellipse is proportional to the ratio of any other such 
lines (e.g., KL:ML is proportional to EH:BH). In protheorem II, he ar- 
gued that the ratio of the area of the circle (AEC) to that of the ellipse 
(ABC) is proportional to the ratio of the perpendicular from the circle to 
the corresponding perpendicular from the ellipse (KL:ML). As a result, in 
protheorem III, the ratio of the area measured by the coequated anomaly 
in the circle to that in the ellipse (e.g., ANK:ANM) is proportional to the 
ratio between the length of the corresponding perpendicular from the cir- 
cle to that of the ellipse (KL and ML). In protheorem IX the ratio of the 
area of the whole circle to the diametral distances it contains is propor- 
tional to the ratio of the area of a given sector (ANK) and the diametral 
distances that belong to its arc (AK). But these diametral distances (KT, 
TI) are equal to the corresponding distances of the ellipse (MN, NY), by 
protheorem XI. As the result of Protheorems IX and XI, by protheorem 
XII the ratio between the area of a sector on the ellipse sweeping out from 
the sun (area ANM) and the area of the whole ellipse is proportional to the 
ratio of the area of a sector of the circle sweeping out from the sun (area 
ANK) and the area of the whole circle (e.g., AMN:ABC is proportional to 
AKN:AEC). By these equivalences, the area of the circle is a measure of the 
sums of distances from the sun when the orbit is elliptical (AN, 577-85; 
KGW IU, 367-71). 
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Figure 4.10. Kepler’s Ellipse 


Donahue sees the emphasis on distances rather than areas in the ellipse 
as evidence that Kepler was not yet committed to the validity of the area 
rule (AN, 585, n. 16). Another interpretation suggests itself, however. The 
use of the areas on a circle to measure sums of distances on the ellipse only 
works because the relationship between the areas and distances on the el- 
lipse is proportional to the relationship between those on the circle. Kepler 
was connecting elliptical motion to the circle, the former having the vir- 
tue of variable motion tractable to a rule, the latter having the virtue of 
being the most divine plane figures. Demonstrating the relationship be- 
tween the area rule and the distance law gave Kepler’s account the best of 
both worlds. 

One can see why the ellipse was so appealing to Kepler, given its unifica- 
tion of the libration and distance models, the distances and areas of the 
second law, and its orderly relationship to the circle. This striking conver- 
gence was evidence not just for the ellipse, but also for a planned order 
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underlying the universe. I imagine that until this point, Kepler must have 
felt he was pushing his physical astronomy through by brute force. These 
results must have buoyed his confidence in being able to find the correct 
physical account of libration and to complete his archetypal project. 


Concluding Remarks: Archetypes in the Astronomia 


In the Mysterium Kepler promoted the use of the a priori method in con- 
junction with the a posteriori method. Yet we see little of this method 
explicitly in the Astronomia. Additional archetypal hypotheses were not de- 
veloped here in support of Kepler’s major discoveries. He did allude to the 
‘Trinity archetype in his arguments for the centrality of the true sun, but 
this allusion is the only place in the Astronomia where the archetypes are 
markedly prominent. What we have instead is the use of methodological 
commitments motivated by Kepler’s archetypal conception of the uni- 
verse, and the use of general maxims drawn from his general notion of 
what a complete archetypal model would look like. 

To sum up, Kepler used the Trinity archetype as an a priori argument 
supporting his a posteriori derivation. The vicarious hypothesis was re- 
jected on methodological grounds presented in the Mysterium and Apolo- 
gia, which were themselves motivated by the conception of an archetypally 
ordered universe. Kepler was able to justify the claim that the sun provides 
the primary motive force on the grounds that his new physical commit- 
ments were philosophically sound. His three-tiered conception of the uni- 
verse engendered the collapse of the celestial-terrestrial distinction while 
maintaining the divine-physical distinction. This vision also allowed the 
ovoid model of chapter 45 to be ruled out and buttressed Kepler’s confi- 
dence in both his model of libration and the ellipse. He was unable to 
ground fully in physics his final account of the Martian orbit, but the con- 
vergence of various geometrical models made his hypothesis a candidate 
for archetypal matching. Kepler’s new astronomy, though driven by physi- 
cal considerations, was ultimately grounded in his archetypal commit- 
ments to the unification of diverse phenomena and the unifiability of geo- 
metrical models. 

Possibly the most important function of the archetypes in Kepler’s phys- 
ical astronomy is something I have passed over in silence until now. In 
Kepler’s physical exploration of the Martian orbit, he tended to take two 
very different approaches. At times he was concerned to account for the 
mechanism responsible for the orbit. At other times, however, what he 
considered physical models were not models of the mechanism, but quan- 
titative representations of the motion (e.g., the sine of the coequated 
anomaly measure of libration). The latter approach was one of the more 
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radical aspects of Kepler’s physical astronomy, and to many of Kepler’s 
contemporaries it did not seem methodologically sound. In the next chap- 
ter, I place the standard objections to merging the mathematical and phys- 
ical disciplines in historical context and argue that Kepler’s archetypal ac- 
count removed the conceptual barriers to his quantitative physics. 


5 


The Aristotelian Kepler 


UntiL Now my Focus has been the positive influence of Kepler’s arche- 
typal cosmology on his epistemology and methodology. Although his 
cosmology, like his physics, is no longer part of the scientific canon, it 
retains significance in virtue of its contribution to Kepler’s lasting achieve- 
ments. To the modern mind, the archetypes are valuable for the roles they 
played in his astronomical work. But it was his contemporaries that Kepler 
needed to persuade, not us, and it was his physical astronomy that 
he needed to defend, not his cosmology. Kepler would have found useful 
a rhetorical platform from which to justify his radical discoveries, and he 
had the skill to construct one. Both Jardine (1984, 75) and Stephenson 
(1987, 3) note that Kepler took care to write the Apologia and Astronomia 
in a manner designed to win over opposition. I argue that Kepler’s ar- 
chetypal cosmology was a crucial part of this platform, allowing him to 
avoid straying too far from the Aristotelianism dominant during his time. 
Despite Kepler’s avowedly Platonic and Pythagorean sympathies, his 
physical astronomy fit well with Aristotle’s directives in the Posterior Ana- 
lytics. Perhaps paradoxically, the archetypal cosmology of the Mysterium 
enabled the merging of Platonic and Aristotelian intuitions in Kepler’s 
new astronomy. 


The Aristotelian Challenge 


The corpus Aristotelicum, though no longer the authority it had been in late 
medieval times, was still the foundation of university curricula in the six- 
teenth century. This arrangement was true of Tübingen, Kepler’s alma 
mater, although some of Kepler’s teachers, notably Andreas Planer and 
Michael Maestlin, were well acquainted with Neoplatonism and Coperni- 
canism.! Schmitt (1975, 489) suggests that despite various challenges to 
Aristotelian natural philosophy, its overthrow was inhibited by the lack of 
alternative approaches equally extensive and systematic. As a result, Aris- 
totelianism was taken as the alpha, though by no means the omega, of 
approaches to natural philosophy.’ 

As noted earlier, in Kepler’s time there was cause for concern about 
the status of astronomy. There were competing astronomical hypotheses, 
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observationally equivalent and seemingly unadjudicable. Moreover, they 
were incompatible with Aristotle’s physical account of the heavens since 
the best astronomical theories did not restrict themselves to concentric 
circles. 

In the Posterior Analytics Aristotle proposed that knowledge is produced 
through the study of essences and is best presented as a series of demonstra- 
tions whose terms all advert to the same genus and to the essential proper- 
ties of objects from the perspective of that genus (Posterior Analytics, 
71b10-25, 73a22-74a3, 75a38-b20). Mathematics and physics were dis- 
tinct for Aristotle, as the former is the study of form in abstraction from 
objects, and the latter is concerned with the form and matter of changing 
objects. As a result, the subject matter, the method of study, and kinds of 
expected results differed between the two disciplines (Posterior Analytics 
79a8-12, 81b4; Physics 193b22-194b15; Metaphysics 1036a4-13). Geomet- 
rical astronomy, on this conception, cannot provide knowledge about the 
actual motions of celestial bodies, because geometry is not about the essen- 
tial characteristics of moving bodies. By contrast, physics is about the es- 
sential characteristics of moving bodies, and so can provide knowledge 
about such motion. As a result, any conflict between physical and astro- 
nomical hypotheses should be ruled in favor of the physical. In addition, 
because astronomy does not yield knowledge about planetary motion, it 
lacks the means to adjudicate between competing hypotheses. 

Significant Aristotelian elements imbued skeptical attitudes toward as- 
tronomy in the fifteenth and sixteenth centuries. Jardine identifies the ma- 
jority position as the moderate claim that astronomical models are mere 
calculation devices. The moderate position was skepticism not about phys- 
ics as a method for obtaining information but about mathematical astron- 
omy. Mathematical and physical treatments of planetary movement were 
viewed as fundamentally distinct, for decidedly Aristotelian reasons.’ The 
following quotation from Benito Pereira (c. 1460-1553) is given at length 
to show its Aristotelian character and to set the stage for Kepler’s break- 
through in merging astronomy and physics. 


Even though the physicist and the astrologer* deal with the same heaven, they 
deal with it in different ways. . . . For my part I think that six differences between 
physics and astrology can be established. This first difference is this. Physics 
considers the substance of the heavens and the stars, whether it is ingenerable 
and incorruptible, whether it is simple or composite, whether it is elementary or 
is rather a certain fitth essence. Astrology does not consider these matters at all. 
Secondly, with respect to the heavens the physicist inquires into all the genera of 
causes, asking for example, whether the heavens have an efficient cause or not, 
whether they have a material cause, whether the intelligence which moves them 
is their soul and form, what the final cause of the heaven is, and how it operates. 
These matters fall outside the concern of the astrologer. Thirdly, of the acci- 
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dents of the heavens the astrologer chiefly considers magnitude, shape and mo- 
tion, insofar as certain mathematical measures are to be found in these accidents, 
for example, the relations of greater, lesser and equal in distance, nearness and 
size or proportion. The physicist, however, examining all the accidents of the 
heavens, even those which are dealt with by the astrologer, considers them in- 
deed in a very different way, as they are derived from the nature of the heavens, 
as they are in conformity with its substance, as they are necessary to it and for the 
carrying out of its physical operations, and finally as they are linked with sensible 
matter. Fourthly, the astrologer is not concerned to seek and posit causes that 
are true and agree with the nature of things, but only causes of such a kind that 
he can universally, conveniently and constantly give an account of all those 
things which appear in the heavens. . . . Fifthly, even though the physicist deals 
with the same matters as the astrologer, the one demonstrates them @ priori, 
whereas the other very often demonstrates them a posteriori. ... Sixthly, wher- 
ever it happens that both explain the same thing, the physicist gives the specific 
and natural causes, whereas the astrologer gives the general and mathematical 
causes. (quoted in Jardine 1984, 237-38) 


Pereira assigned different objects of study, methods, aims, and epistemo- 
logical interpretations to physics and astronomy on the basis of whether 
the discipline investigates the essences or merely the accidents of heavenly 
bodies. 

Kepler’s response to the problem of observational equivalence was that, 
although competing astronomical hypotheses might be observationally 
equivalent, they can be adjudicated on physical (including metaphysical) 
grounds (Apologia, 141-42; KGW’ XX.1, 22). This suggestion was not with- 
out precedent. Physical considerations traditionally had been used to con- 
strain astronomical hypotheses. Recall the requirement that planetary mo- 
tion be resolved into uniform circular motion. What was unusual was 
Kepler’s belief in the possibility of constructing an astronomy both empir- 
ically adequate and consistent with physics. As Jardine notes, in Kepler’s 
time many thought the conflict between physics and astronomy resolved 
by divorcing the two. Empirically adequate astronomy was deemed accept- 
able, but merely as a predictive tool. Because it did not provide knowledge 
of the physical causes of motion, it did not need to be consistent with ac- 
cepted physical principles. The use of physics in astronomy, then, though 
not prohibited by Aristotle, was ruled out on Aristotelian grounds. Some 
of Kepler’s teachers, notably Maestlin and Planer, followed Aristotle in 
emphasizing the differences between the mathematical and physical dis- 
ciplines, and the inappropriateness of mixing the two (Mcthuen 1998, 
188-203). Thus Kepler’s approach was in conflict with the Aristotelianism 
of his day. 

Mathematical physical astronomy also conflicted prima facie with Aris- 
totle’s Posterior Analytics. Kepler wanted to give celestial physics both a 
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mechanistic treatment and a mathematical representation. He made this 
explicit in a letter to Herwart von Hohenburg (February 10, 1605): 


My goal is to show that the heavenly machine is not a kind of divine living being 
but similar to a clockwork in so far as almost all the manifold motions are taken 
care of by one single absolutely simple magnetic bodily force, as in a clockwork 
all motion is taken care of by a simple weight. And indeed I also show how this 
physical representation can be presented by calculation and geometrically. 
(quoted in Caspar [1959] 1993, 136, KGW XV, 146).° 


This goal involved the unconventional mixing of three disciplines: celestial 
physics, mechanics, and mathematics. Aristotle warned against mixing dis- 
ciplines together on the grounds that qualities essential to the kind 
studied by one discipline may be accidental to that studied by another (Pos- 
terior Analytics 75a27-75b2). Some disciplines could be mixed provided 
that the principles used were common to both. Aristotle listed optics, as- 
tronomy, harmonics, and mechanics as disciplines acceptably mixed with 
mathematics (Posterior Analytics 76a23-25). Mechanical astronomy, how- 
ever, was not, for it violated Aristotle’s celestial-terrestrial distinction, and 
its mathematical representation violated Aristotle’s injunction against the 
use of mathematics in physics.” Mathematics could not yield knowledge in 
the study of dynamics, according to Aristotle, because quantitative charac- 
teristics are not essential to bodies undergoing change.* Consequently, it 
appears that Kepler failed to answer the skeptical challenge to astronomy, 
at least by Aristotle’s standards. 

Granted, Kepler avowed allegiance to Plato and Pythagoras, perhaps 
most clearly in a letter to Galileo (October 13, 1597; KGW XIII, 145). So 
he might not have seen the need to take up the Aristotelian challenge, in 
either its original form or its Renaissance derivatives. Nevertheless, he still 
needed to account for the relationship between mathematics and the phys- 
ical world. Although, following Plato, he believed the world to be struc- 
tured by eternal archetypes, he also believed the corporeal world to be 
equally real and knowable. It is important to note that Kepler’s views 
evolved between the Mysterium and the Astronomia. In the Mysterium, he 
explored empirical regularities but not their causal mechanisms (MC, 
ch. 16, 20; see also Stephenson 1987, 8-20).° His conception of the rela- 
tionship between the archetypal and physical was akin to Plato’s concep- 
tion of the relationship between the master and lower disciplines, where 
the principles of the various disciplines are inferrable from the Idea of the 
Good (Republic, VI, 511). By the time he wrote the Astronomia, Kepler 
believed that a complete celestial physics would provide an efficient causal 
account in mechanical terms, and he seemed aware of the implication that 
one cannot deduce the nature of efficient causes from formal or final 
causes. As we will see, he avoided drawing physical conclusions from 
strictly astronomical or archetypal arguments. The physical world was cre- 
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ated to instantiate the archetypes, but this fact alone does not determine 
the material and efficient means of their instantiation. Consequently, one 
needs to explain how mathematical models can represent physical causa- 
tion. Kepler’s explanation was that the archetypal and the physical are held 
in strict structural correspondence, and it is in virtue of this correspon- 
dence that archetypal considerations can support physical hypotheses. In 
what follows I outline the role Kepler’s archetypes played in his defense of 
mathematical physics, both as a mixed discipline and as a means of knowing 
the causes of celestial motion. 


Physical Astronomy as a Mixed Discipline 


Although it seems sensible to ground astronomy in physics, in Kepler’s 
time such a move was unusual, and in need of defense—a point of which 
Kepler was well aware. Physics at that time was a qualitative discipline, 
based on considerations of essential properties of bodies in motion, 
whereas astronomy was a quantitative, kinematic approach to the move- 
ment of celestial bodies. Because physics and astronomy were two vastly 
different disciplines, it was not obvious that they could be merged. In the 
Apologia, Kepler argued that astronomy is progressive, and that its progress 
results from combining certain elements of physics with astronomy (Jar- 
dine 1984, 222). Kepler wryly commented that Aristotle “is, indeed, to be 
censured because he mixed with astronomical observations his philosophi- 
cal reasonings, which were altogether disparate in kind” (Apologia, 177; 
KGW XX.1, 43). But Kepler’s defense of physical astronomy was not 
merely a facetious tu quoque. His view of the universe as archetypal allowed 
him to combine astronomy and mathematical physics in a manner that is in 
fact consistent with Aristotle’s conception of natural philosophy as out- 
lined in the Posterior Analytics.'° 

In the Posterior Analytics, Aristotle allowed for the use of elements from 
one discipline in another, but only in special circumstances. A deduction 
may proceed from one discipline to another provided that the first is 
higher than the second, and the principles used are common to both, 
where principles are understood to be definitions and basic truths about 
the objects under study (Posterior Analytics, 75b14-21, 76a10—-25). At times 
this move was not merely permitted but recommended by Aristotle. The 
goal of natural philosophy is not just to show that something is the case but 
also to explain why. To explain why something is the way it is, one some- 
times needs to appeal to a higher discipline (Posterior Analytics, 78b35- 
79a16, 87a32-87b4)," 

On this view, the highest discipline for Kepler is the archetypal, be- 
cause it offers final and formal explanations of the construction of the 
universe. An inference from archetypes to another discipline, then, would 
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be legitimate when structural features of the archetypal domain map the 
domain of the lower discipline. The use of archetypes in a demonstra- 
tion of the formal or final features of an object considered under a lower 
discipline, therefore, would not violate Aristotle’s conception of natural 
philosophy. 

Because Kepler saw all aspects of nature as instantiating the archetypes, 
he conceived of the formal and final features of objects in various disci- 
plines as unified. ‘This conception implies that hypotheses from one disci- 
pline can fruitfully bear on those from another, as in the case of using 
physical hypotheses to help adjudicate between competing astronomical 
hypotheses. Indeed, since physics provides efficient explanations of astro- 
nomical phenomena, physics is a higher discipline than astronomy. Hence 
it is not only appropriate but perhaps obligatory to ground astronomy in 
physics. 

So far, this approach is consistent with interpreting Kepler as a method- 
ological and metaphysical Platonist. However, I interpret him as a meth- 
odological Aristotelian, because while he expected the structural features 
of each discipline to mirror each other, he still addressed the objects in 
each discipline with arguments proper to those disciplines. Kepler did not 
state explicitly in the Astronomia that he intended to keep arguments 
proper to each discipline separate. Instead he spoke of mingling physics 
and astronomy (AN, 47; KGW IM, 19). Nonetheless, his approach in the 
Astronomia involved keeping physical and astronomical arguments distinct. 
The “mingling” happened at the level of the conclusions, the structural 
coherence between the two supporting both. 

A quick look at Kepler’s outline in the Astronomia makes it clear that, for 
the most part, the astronomical arguments and the physical arguments to 
the same conclusion appear in different sections. For example, in parts I, 
IV, and V, he argued “necessarily and geometrically” that the sun is the 
center of the planetary system. His physical arguments for this conclusion 
appear in part ITT. 

Even when the physical and astronomical arguments appear in the same 
section, they are carefully distinguished. For example, though he ad- 
dressed both the physical and geometrical aspects of his libration theory in 
chapter 57, he made sure to identify each argument as within its proper 
domain. Reviewing Kepler’s account of libration clarifies his approach. 
Kepler’s first account was that the planet librates as the versed sine of the 
eccentric anomaly. This account is nice because it unifies the very compli- 
cated motion toward and away from the sun. Nonetheless, Kepler was dis- 
satisfied, for the vertex of the eccentric anomaly is at an empty point in 
space; and because geometrical points cannot be causes, this calculation 
could not count as a measurement of the strength of the physical force 
exerted by the sun on the magnetic poles of the planet. He needed a mea- 
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surement that related the sun’s body to the planet’s magnetic poles. His 
second account—that the planet librates as the sum of sines of the co- 
equated anomaly—accomplished this task. 

Nonetheless, Kepler was not satisfied with this result, because he could 
not develop a satisfactory qualitative account of how the sun’s magnetic 
force interacted with the planet’s magnetic poles. Nothing on the Earth 
has the required oricntation to function as these poles. Immediately after 
observing this problem he wrote: “Now that we have obtained from the 
observations the laws and quantitative characteristics of this reciprocation 
[libration] by which the sun’s apparent diameter is varied ... it now re- 
mains for us to see whether those laws might plausibly be known by the 
planets” (AN, 560; KGW TII, 356). After writing this statement, he contin- 
ued his investigation into the possible causal mechanisms of planctary li- 
bration. Clearly, for Kepler a physical description of the causes of motion 
required a qualitative account of the mechanism producing the effect. 
Kepler took his second account of libration to count as a possible measure, 
but not as a physical theory, because it is insufficiently grounded in qualita- 
tive theory. While it must have been tempting to conclude that he had 
succeeded in grounding his libratory account in physics (this was, after all, 
his goal), his restraint suggests a concern with keeping astronomical and 
physical arguments separate. 

One wonders why Kepler spoke of mingling physics and astronomy 
when he was so careful to keep his physical and astronomical arguments 
apart. I do not have an easy answer, only a speculation. Given the tension 
between Aristotle’s physics and Ptolemaic astronomy, and the resultant 
separation of the two disciplines, requiring consistency between astronom- 
ical and physical conclusions might have seemed a radical sort of mingling. 
Later, Kepler spoke more carefully on the matter, perhaps in response to 
criticisms of the mingling. One imagines Kepler keenly provoked by 
Maestlin’s remark that physical astronomy did not restrict itself to the 
proper principles of astronomy. Perhaps it was on the basis of considering 
such criticism that Kepler wrote, in the Epitome: 


Astronomers should not be granted excessive license to conceive anything they 
please without reason: on the contrary, it is also necessary for you to establish the 
probable causes of your Hypotheses which you recommend as the true causes of 
Appearances. Hence, you must first establish the principles of your Astronomy 
in a higher science, namely Physics or Metaphysics; although you must not ne- 
glect those Geometrical, Physical and Metaphysical arguments which are sup- 
plied to you by the very separation of the disciplines proper, in addition to those 
matters pertaining to the higher disciplines, provided you mingle no begging of 
the Principle. As a result of the method, the Astronomer (master of his proposi- 
tion to the extent that he has devised the causes of movements, causes which are 
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in accord with reason [rationi consentaneas], and are fit to effect everything in the 
History of Observations) now may put into single aspect what he had considered 
part by part before. (quoted in Westman 1972, 261-62; KGW VII, 25) 


Here, while Kepler reiterated the importance of grounding astronomy in 
a higher science (a move consistent with Aristotelianism), he also empha- 
sized that each discipline be considered separately. Only then could the 
parts be put together. This respect for disciplinary boundaries is very Aris- 
totelian. Indeed, Kepler’s Platonic sympathies fail to explain it. On the 
basis of this explicit statement, and its consistency with Kepler’s approach 
in the Astronomia, I submit that the method avowed in the Epitome was the 
one used in the Astronomia. 

Notice that, except for his commitment to grounding astronomy in 
physics and metaphysics, Kepler’s attitude is similar to Pereira’s. The sepa- 
rate consideration of arguments belonging to each discipline accords with 
Pereira’s view. Physics and metaphysics still determine the nature of the 
heavens and the causes of the motions, and they do so “a priori” (recall 
Kepler’s discussion of the status of physics in chapter 47 of the Astronomia). 
So while physics, metaphysics, and astronomy are still distinct disciplines, 
they must be consistent with each other. Given Kepler’s belief that the 
universe is, for the most part, accessible to the human mind, the skeptical 
resolution of the conflict between physics and astronomy should be viewed 
as temporary, to be replaced when one has better theories available. One 
should not be satisfied until physics and astronomy are consistent. 

Aristotle’s physics, however, was inadequate to the task, not only be- 
cause of its incompatibility with the heliocentric hypothesis, but also be- 
cause it was implausible on Aristotle’s own terms. Kepler argued that one 
implication of Aristotelian physics is that geometrical points are physical 
causes. This claim is illustrated by Aristotle’s view that the heavy is at- 
tracted to the center of the universe qua center (AN, 54-55; KGW III, 
24-25), Not only is it implausible to suppose that geometrical points can 
attract or repel matter, or serve as markers by which matter can orient 
itself, but, as Kepler was well aware, Aristotle denied mathematical objects 
causal efficacy.” 


The Mathematical and the Physical 


Given the unification of disciplines under the archetypes, Kepler could 
apply terrestrial physics to celestial bodies.'* In viewing physics as unified 
in this way, Kepler drew on the tradition of mechanics, the theoretical and 
practical study of machines. In Kepler’s time it was plausible to consider 
this discipline an acceptable mixing of mathematics and physics.! 
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Kepler's use of analogy is telling of his acceptance of the use of mathe- 
matics in physics. He frequently drew analogies between celestial causes 
and the action of levers, or the behavior of light, both of which yielded 
to mathematical demonstrations. Even his term for planetary motion to- 
ward and away from the sun—libration—is borrowed from the term in 
mechanics for the motion of a lever or balance (AN, 556; KGW III, 353). 
In chapter 57 of the Astronomia, Kepler reduced libratory motion to the 
action of a lever, on the assumption that natural causes are subject to the 
law of the lever: “And since the strength of this angle” is natural,'* it will 
follow the same ratio as the balance“ (AN, 556; KGW III, 353). Planetary 
libration, then, when conceived as the product of magnetic forces, ”ap- 
proaches and recedes according to the law of the lever“ (AN, 559; KGW 
III, 355). By connecting celestial physics with mechanics, Kepler tapped 
into a source of previously accepted mathematical representations of phys- 
ical bodies. 

Those who viewed mechanics as mathematically tractable, as Aristotle 
and Kepler did, needed to explain this tractability by elucidating the rela- 
tionship between mathematics and the physical world. Harper and Smith 
note that since “[m]echanics was the enterprise of finding mathematical 
principles that describe motions and other phenomenal regularities øb- 
stractly” (Harper and Smith 1995, 124), alternative principles could be 
consistent with the phenomena. An account of the relationship between 
mathematics and the physical world would provide the appropriate deci- 
sion procedure. For Aristotle, mathematical and physical approaches are 
related by their applicability to the same objects, although their perspec- 
tives are very different. The mathematician studies the form of material 
objects in abstraction, whereas the physicist studies material objects quali- 
tatively (Physics 193b23-194a5). Leibler, one of Kepler's teachers, also held 
this view (Methuen, 1998, 194). Likewise for Kepler, the quantitative exists 
only as an idea unless it is the form of an object: 


If we know the definition of matter, I think it will be fairly clear why God created 
matter and not any other thing in the beginning. I say that what God intended 
was quantity. To achieve it he needed everything which pertains to the essence 
of matter; and quantity is a form of matter, in virtue of its being matter, and the 
source of its definition. (MC, 93; KGW 1, 23)."” 


If we bear in mind Kepler’s archetypal cosmology, the relationship be- 
tween mathematics and the physical world is that the correct mathematical 
description of a body matches an archetypal model in its material form. 
Kepler made this relationship explicit in the Harmonice, in which he classi- 
fied the kinds of mathematical relations that could participate in God’s 
creative plan (bks. I-II). For both Kepler and Aristotle, by itself the mathe- 
matical perspective cannot reveal information about physical causes.’* 
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When grounded in physical theory, however, mathematical demonstra- 
tions of physical causes are acceptable. 

For the most part Kepler’s approach to mechanics in the Astronomia was 
Aristotelian, that is, qualitative. In chapter 33 he introduced his arguments 
to the sun as the primary motive force with a discussion of qualitative prin- 
ciples. For example, when he argued that the cause of motion must reside 
in the body of either the sun or the planet, he relied on a conception of the 
essential nature of distance: “And since distance is a kind of relation whose 
essence resides in end points, while of relation itself, without respect to end 
points, there can be no efficient cause, it therefore follows (as has been 
said) that the cause of the variation of intensity of motion inheres in one or 
the other of the end points” (AN, 377; KGW TII, 236). That efficient causes 
cannot be accounted for without reference to essential characteristics co- 
heres with Aristotle’s intuitions about how one approaches explanation. 
The introductory discussion of magnetic properties in chapters 3+ and 35 
is qualitative in nature. Of interest to Kepler at this point was the compar- 
ison between the action of a magnet and that of the sun, and so he did not 
appeal here to mathematical demonstrations. In chapter 39 his arguments 
against the possibility of epicyclic motion were based on qualitative axi- 
oms, in particular the axiom that only bodies can exude forces. Even in 
chapter 57, where Kepler represented libratory motion quantitatively, he 
attempted to show how the mathematical account could be derived from 
the qualities of magnets. 

These qualitative principles, though non-Aristotelian in content, do not 
offend Aristotle’s conception of natural philosophy.'? Consider the follow- 
ing two principles. Kepler constructed physical models on the assumption 
that only physical bodies can exert forces. He rejected the mean sun as a 
basis for planetary models, and the epicycle model as anything but a math- 
ematical tool, for these require movement around a mathematical point. 
He also believed that forces were subject to physical constraints. As dis- 
cussed earlier, Kepler thought that when a force spreads out over a greater 
area, its effect is weakened, and so the planet’s delay is proportional to its 
distance from the sun. Both of these principles, under Aristotle’s frame- 
work, can be construed as belonging to the same genus under the disci- 
pline of physics. S 

Although Kepler began with qualitative principles, his mathematical 
models of physical motion were more successful, The attempt to show the 
magnetic character of the force that moved the planets was ultimately un- 
successful. In chapter 57, after a lengthy attempt to compare magnetic 
propertics and planetary motion, Kepler claimed to have shown only “the 
general possibility of the proposed mechanism” (AN, 559; KGW III, 355). 
By that time, what Kepler had was an imperfect analogy (the magnet) 
and an elegant mathematical model (the versed sine measure) of planetary 
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motion. Although his qualitative theory fell short, he had a route open to 
him that Aristotle did not, a route that has not, I believe, been brought 
fully to light. Given Aristotle’s cosmology, mathematical demonstrations 
can be used in mechanics only if based on solid qualitative theory. On its 
own, mathematics is indifferent to physical change and hence cannot pro- 
vide information about physical motion. In contrast, given his cosmology, 
Kepler had the option of attaching mathematics to either a qualitative or 
an archetypal theory. Unlike the mathematical, the archetypal is not in- 
different to physical change for the physical was created to mirror the ar- 
chetypal. As a result, where physical considerations fail, archetypal consid- 
erations can fill the gap, revealing the formal aspects of physical bodies 
undergoing change. 

It is important to grasp fully Kepler’s view of the relationship between 
the archetypal, the mathematical, and the physical. Even though arche- 
types do not have the power to cause physical change, such change is ef- 
fected for the purpose of harmonizing with the archetypal: “[Archetypes] 
are the cause of natural things . . . [though] I confess that they would have 
possessed no force, if God himself had not had regard to them in the act of 
Creation” (MC, 125; KGW VIII, 62). As a result, though archetypally 
significant mathematical models will not account for efficient causes, they 
wil differentiate spurious and causal regularities, which in turn will help 
decide between various mathematical descriptions of the same phenom- 
ena. Although this method would not be fully satisfactory to a realist of 
Kepler’s stripe, it would speak to the plausibility of the physical intuitions 
on which such models are based. 

Several features of a hypothesis jointly indicate whether it corresponds 
to archetypes. It must have aesthetic appeal and be expressible geometri- 
cally (recall Kepler’s rejection in the Astronomia of the ovoid model of 
chapter 45). It must also conform to structural aspects found elsewhere in 
nature, because nature “makes use of the fewest possible means” (AN, 51; 
KGW It], 22), in the sense that comparatively few archetypes form the 
basis for all natural phenomena. 

It is my contention that attaching a mathematical model to an archetypal 
model was Kepler’s purpose in proposing his second account of libration. 
Although he called this account “physical,” he clearly did not intend it as 
a qualitative physical theory. Moreover, he knew that his qualitative theory 
was problematic, as he could not account for direction of the magnetic 
poles on the Earth. Instead he was showing that his mathematical descrip- 
tion of libration was equivalent to the mathematical description of some 
two-magnet system, one unlikely to be a description of the actual cause. 
Kepler clarified this view more in a letter to Fabricius (October 1605). 
After pointing out the problem with the Earth’s axis, he stated that he had 
at least demonstrated the mathematical equivalence of the two-magnet 


110 . CHAPTER 5 


system and planetary libration, even though the two systems are of seem- 
ingly different kinds.”! 

This comment counts as a response to the problem if Kepler is read as 
arguing that the common mathematical description is evidence for the 
analogy between the two systems. His emphasis that they are different in 
kind supports this interpretation. Because God chose to replicate pleasing 
patterns, finding the same pattern in different disciplines is evidence for 
the archetypal nature of that pattern. This explains why Kepler provided 
examples of other kinds of physical systems that would produce the same 
pattern, the two-magnet system, and the boat with turning oar (AN, 549; 
KGW IU, 349). Clearly the boat example was intended to illuminate not 
the kind of force at work, but the pattern produced, for Kepler did not 
believe the two librating forces to be similar.?* Even in the magnet case, he 
was not arguing to the efficient cause of the motion. His point was that the 
two systems could be described precisely by the same mathematical descrip- 
tion, and this precision gave him confidence that he had uncovered an 
archetypal pattern. He took attachment to an archetypal pattern to suggest 
causal rather than accidental patterning. While a mathematical model so 
attached is not a physical account of the cause, it is plausibly correct and 
suggests that such an account can be formulated. Thus, Kepler’s failure to 
provide a satisfactory qualitative account is merely an indication of the 
need for further research, rather than a serious problem for his account. 

At this point, however, Kepler’s archetypal justification fell short of 
ideal. Ideally, a full explanation includes an astronomical, a physical, and an 
archetypal account, all of which cohere to provide converging mutual sup- 
port. But an archetypal explanation of planetary libration had to wait until 
he wrote the Harmonice. At best what he had was a libration theory indicat- 
ing, by its aesthetic features, possible conformity with an archetypal model. 

The libration theory Kepler developed in the Astronomia was strictly 
astronomical, though its character intimated both physical and archetypal 
significance. Despite this significance, he refrained from drawing physical 
or archetypal conclusions, which suggests an effort to avoid illegitimate 
crossings of disciplinary boundaries. 

Viewed in this way, Kepler’s mathematical physics does not violate Aris- 
totle’s conception of appropriate disciplinary boundaries in the Posterior 
Analytics, though it does violate the Aristotelianism (specifically the math- 
ematical astronomy-physics distinction) prevalent in Kepler’s time. The 
inferences made are from the structure of objects in one domain to the 
structure of those in another. The inferences are not cross-genus, because 
in Kepler’s archetypal vision the structural properties of al] physical objects 
share principles with the archetypal domain. In the case of libration theory, 
where he did not yet have an archetypal account, Kepler restricted himself 
to commenting that such an account was plausibly forthcoming. Were the 
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inference from the structure of archetypes, or from archetypally significant 
astronomical models, to an account of efficient causes, this approach would 
be anti-Aristotelian, and decidedly so., 


, 


Concluding Remarks 


I hope to have made clear one of the ways in which Kepler’s archetypal 
views both motivated and justified his physical astronomy. I also hope to 
have made clear that the notion of structural mirroring between the ar- 
chetypal and the physical allowed Kepler to conduct his physical astron- 
omy in accordance with Aristotle’s conception of natural philosophy. On 
this interpretation Kepler was not being disingenuous when, on the title 
page of book IV of the Epitome, he referred to book IV as a supplement to 
Aristotle’s De caelo, and compared his approach with Aristotle’s. Kepler 
could justify his innovative hypotheses within a conservative Aristotelian 
framework. 

Kepler’s archetypes were more than mere window dressing on Coperni- 
canism, more than a fanciful project to distract him from personal troubles 
(he wrote the Harmonice after his daughter died, and while his mother was 
being tried for witchcraft). His cosmology supported methodological in- 
novations and justified them as truth-linked, it delimited the kinds of hy- 
potheses proper to physical astronomy, it provided converging support for 
both astronomical and physical hypotheses, and it mapped the mathemati- 
cal onto the physical. This interpretation should highlight both the impor- 
tance Kepler attached to completing his archetypal project and its signifi- 
cance for our understanding of Kepler’s achievements. It is with this in 
mind that I turn next to a discussion of Kepler’s Harmonice. 


6 


The Harmonice mundi 


Kepler and Ptolemy 


Kepler’s imagination was captured in 1599 by the idea that planetary mo- 
tion could be explained by harmonic theory. He wrote letters to Fdward 
Bruce (who was associated with Galileo), Herwart von Hohenburg, and 
Michael Maestlin about a harmonic theory that predicted planetary delays 
better than the nascent physical theory in chapter 20 of the Mysterium 
(KGW XIV 7-16, 21-41, 43-59).! He also requested that von Hohenburg 
send him a copy of Ptolemy’s Harmonics, though he found it to be a frus- 
tratingly bad Latin translation. He did not receive the Harmonics in its 
original Greek until 1607 (Stephenson 1994, 37). He was ‘struck by the 
similarity between his thought and Ptolemy’s, despite being separated 
from Ptolemy by both astronomical theory and many centuries: 


[M]y appetite was particularly intensified and my purpose stimulated by the 
reading of the Harmony of Ptolemy... . There I found unexpectedly, and to my 
great wonder, that almost the whole of his third book was given up to the same 
study of the celestial harmony, one thousand five hundred years before. Yet at 
that period much was still lacking in astronomy, and Ptolemy, by an unfortunate 
attempt, might have brought others to despair. ... he seemed to have related 
some pleasant Pythagorean dream rather than to have assisted philosophy; but I 
was emphatically strengthened in the pursuit of my purpose, on the one hand by 
the crudity of the ancient astronomy, and on the other by the actual agreement, 
precise in every detail, of both views, after an interval of fifteen centuries. . . . 
This identity of conception, on the conformation of the world, in the minds of 
two men who had given themselves wholly to the study of nature, was the finger 
of God, to borrow the Hebrew phrase, since néither had guided the other to 
tread this path. (HM, 390-91; KGW VI, 289) 


Kepler and Ptolemy agreed that harmonic ratios could be found in both 
the heavens and human soul. Ptolemy believed that the soul’s harmonic 
ratios explained its sensitivity to music and astrological influences. Indeed, 
he recommended the study of astronomy as a means of understanding and 
improving the human soul (Taub 1993). 

Kepler mentioned his outline for his study of world harmonies in a letter 
to von Hohenburg (December 14, 1599; KGW XTV, 100): 
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1. Geometrical, on constructible figures. 

2. Arithmetical, on solid ratios. 

3. Musical, on the causes of harmonies. 

4. Astrological, on the causes of Aspects. 

5. Astronomical, on the causes of the periodic motions. 


(quoted in Field 1988, 97) Although this plan substantially resembles the 
final table of contents, Kepler did not begin writing the book in earnest 
until much later (1617). He finished the Harmonice (KGW VI) on May 27, 
1618, but discovered the third law almost a year later (May 15, 1619). To 
include this important finding in the published version, Kepler very 
quickly had to revise book V, with the typesetting already well underway 
(Stephenson 1994, 125). 

In the published version, the first book is devoted to showing how the 
regular solids are constructible from the circle, and how their constructi- 
bility determines their rank ordering. Book II addresses the manner in 
which regular figures can be combined to form either plane figures (tessel- 
lations) or figures whose vertices are all of the same type. If figures can be 
combined in this manner, then they are congruent. When the plane fig- 
ures are the same shape, the highest level of congruence is expressed in 
the regular polyhedra. Kepler constructed both polygons and polyhedra in 
this manner, and offered two new regular polyhedra he had discovered 
(figure 6.1, Ss and Tt; from HM, 111). These formations are also rank 
ordered, but as Kepler observed, the rank ordering in book I does not 
correspond to that in book II. These results, particularly those from book 
I, are used in book III to show how musical harmonies can be explained by 
geometrical figures. Kepler also linked musical harmonies to human emo- 
tions, and commented on the implications of mathematics for politics. 
Book IV links astrology to mathematical harmony, and includes a discus- 
sion of the significance of mathematics to politics. This latter section in- 
cludes, as does book V, a study of how God created the social and natural 
order to be in tune with mathematical harmonies. Here I am concerned 
primarily with book V, which focuses on the archetypal causes of the peri- 
odic motions and eccentricities. 

My focus, as in preceding chapters, is Kepler’s use of archetypes. The 
stated purpose of book V is to explain by appeal to harmonic archetypes 
“the origin ... of the Eccentricities, Semidiameters, and the Periodic 
Times” (HM, 387; KGW VI, 287). Here, as elsewhere, Kepler’s goal was to 
provide a formal and final explanation of things. The corresponding effi- 
cient causes that he had been unable to account for fully in the Astronomia 
he would account for here as resulting from the archetypally justified dis- 
tances and eccentricities. 

In setting the stage for the Harmonice, I discuss how Kepler followed the 
Pythagoreans and Ptolemy in translating harmonies into mathematical 
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Figure 6.1. Kepler’s New Polyhedra 


ratios. Next, I focus on Kepler’s concept of knowability in books I-IV, in 
which he argued explicitly that through mathematics the human mind can 
access the divine. This chapter begins with a synopsis of book V.2 Then I 
discuss the relationship between Kepler’s mathematical and harmonic ac- 
counts of planetary libration, and how the latter was intended to support 
the former, It turns out that Kepler’s view of the cosmological significance 
of geometry shifted in response to difficulties he found in constructing 
planetary harmonies. As I hope to make clear, Kepler was unwilling to 
abandon the principle that everything was created for a reason, which led 
him to modify the cosmology that had aided his construction of the new 
astronomy. He did not flag these changes, nor did he explicitly discuss 
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their influence on the rest of his work, and so in closing I speculate on the 
possible effects this shift had on Kepler’s view of archetypal and physical 
astronomy. 

In the Harmonice, more pronouncedly than in the Mysterium or Astron- 
omia, Kepler announced his discoveries with exuberant delight. One might 
take this to indicate that the Harmonice accomplished Kepler’s archetypal 
task, and in a decidedly precise and elegant manner. On both cursory and 
careful readings, however, Kepler’s ecstatic judgment appears unwar- 
ranted. The construction of harmonic archetypes is not only complex but 
imprecise. The ratios used are often just shy of the harmonic, and justifica- 
tions for such divergences abound. Gingerich comments that, “[fJrom any- 
one else, the carefully crafted excuses and scales would be considered the 
edifice of a madman” (Gingerich 1992, 60). Kepler himself wondered, 
though not for very long, “whether the highest creative wisdom would 
have been taken up with searching out these thin little arguments?” (HM, 
466; KGW VI, 342). For Kepler, the complexity of the harmonic arche- 
types was far less absurd than the notion that God created the universe, 
exactly as it is, without a reason. 

Before turning to the Harmonice, I want to summarize Kepler’s method 
of relating mathematical ratios to harmonic concordances. Like Ptolemy 
and the Pythagoreans, Kepler grounded harmonics in mathematics, where 
the difference between melodic and unmelodic sequences is that the me- 
lodic can be translated into mathematically significant ratios. The Pythag- 
oreans used the kanon, or monochord (a string stretched across a movable 
bridge), as a kind of translation manual between the heard music and the 
mathematics underlying it. The bridge was moved to divide the string in 
different proportions, recorded as ratios, of its full length. For example, 
the interval between the note plucked at full length and another plucked at 
half length is one octave. The octave is then represented by the ratio 2:1. 
Similarly, the fifth is represented as 3:2, the fourth as 4:3, the ditone as 5:4 
and the tone as 9:8 (Barker 1989b, 291-93). 

There are several differences between Kepler’s treatment of mathe- 
matical harmonies and those of Ptolemy and the Pythagoreans. Kepler 
grounded harmony in geometry rather than arithmetic. Ptolemy and the 
Pythagoreans argued that the difference between concordant and discor- 
dant ratios lies in the arithmetical significance of the ratios. For this reason 
some gave special status to multiples (7:7) or epimoric ratios (n+1:7) 
(Barker 1989a, 272-73). Ptolemy conceived of the concordant and discor- 
dant not as distinct types but on a continuum. Ratios were more or less 
concordant, in virtue of their distance from the ratio 2:1 (Barker 1989a, 
273). 

Another important difference is Kepler’s advocacy of the just intonation 
system, which he refers to as Ptolemy’s system. Both the Pythagorean and 
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just intonation systems are based on mathematical principles. Only just 
intonation, however, permits the third and sixth as consonants, both of 
which were significant to polyphonic music in Keplers time (Walker 
[1967] 1978). On the Pythagoreans, Kepler noted that “They advanced to 
a certain point by the judgement of their ears, but soon abandoning their 
leadership completed the rest of the journey by following erroneous Rea- 
son, so to speak dragging thcir ears astray by force, and ordering them 
outright to turn deaf” (Gingerich 1992, 48; KGW VI, 120). Although mu- 
sical ratios had to be empirically adequate, they also had to be mathemati- 
cally constructed, and on these grounds Kepler rejected the tempered scale 
defended by Vincenzo Galilei, Galileo’s father. Kepler found the tem- 
pered scale, though aesthetically pleasing, mathematically problematic 
(Gingerich 1992, 57). 

Debates on the place of reason and the senses in music theory have roots 
in ancient music theory. Whereas the Pythagoreans based music theory 
on mathematics, Aristoxenus vigorously disagreed, basing it solely on 
judgments of the ear. Ptolemy used both, for he thought reason best for 
constructing melodic sequences, and perception best for judging them 
(Barker 1989b, 276-78). Likewise for Kepler, music theory, like astronom- 
ical theory, required converging support from both the empirical and the 
theoretical. 

Yet another difference between the music theory of antiquity and that of 
Kepler's time is in their respective attitudes to polyphonic harmony. The 
Pythagoreans, Ptolemy, and Aristoxenus held that concordance is the rela- 
tionship between notes sounded sequentially (Barker 1989a, 14-15). But 
polyphonic music had become popular by Kepler’s time, and he used poly- 
phonic harmony in his construction of the planetary voices. 

Despite the similarities between Kepler and Ptolemy, their differences 
in applying harmonies to planetary theory cannot be attributed solely to 
their different interpretations of harmony and different identifications of 
the central body of the heavens. Ptolemy compared astronomical data with 
music theory without great precision. He did not construct a harmonic 
theory for the purpose of generating astronomical predictions. His only 
concern was general similarities between the two. 

Ptolemy began the latter half of book II] of the Harmonics with a look 
at the standard scalar system, the complete systéma. The complete systéma 
is a double octave with fifteen notes, grouped into tetrachords, which are 
progressions spanning a fourth. The notes are named according to either 
their position from lowest to highest (thesis), or their function relative to 
other notes (dynamis). This double octave can be rearranged to exhibit dif- 
ferent tonoi (named after the ethnic groups with whom they were associ- 
ated), modulations that effectively move intervals of the double octave 
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TABLE 6.1 
The Greater Perfect System 


Tetrachords j Notes 
’ Néeté hyperbolaeén 
Tetrachord Paranété hyperbolaeon 
hyperbolaeon Trité hyperbolaeon 
Nété diezeugmen6n 
Tetrachord Paranété diezeugmenon 
diezeugmenon Trité diezeugmen6n 
Paramesé 
Mesé 
Tetrachord Lichanos meson 
meson Parhypaté meson 


Hypaté meson 


‘Tetrachord Licanos hypatén 
hypaton Parhypaté hypatén 
Hypate hypaton 

Proslambanomenos 


Note: The top two tetrachords, hyperbolaeén and diezeugmenon, are 
conjunct (i.e., they share the note called nëtë diezeugmendn). The middle 
tetrachords, diezeugmendn and meson, are disjunct (they do not share a 
note). The lower two tetrachords, meson and hypatén, are conjunct, shar- 
ing the note bypaté meson. A final note, proslambanomenos, is added to 
complete the double octave. The top and bottom notes of each tetra- 
chord are fixed. The middle two notes are movable, determining 
whether the genus of scale is diatonic, enharmonic, or chromatic (a clas- 
sification based on the distance between each note in the scale). 


systema from top to bottom. Consider the standard systema in table 6.1 
(Greater Perfect System) with notes named according to thesis (Barker 
1989b, 284-85, 288-89). 

When modulating tonoi, the top note of the Greater Perfect System 
(Netë hyperbolaedn) is treated as identical to the bottom note (proslambano- 
menos). Like the motions of the heavenly bodies, the notes as defined by 
function [dynamis] have no fixed starting point, and move in a circuit. If the 
Greater Perfect System is conceived as a circle with nété byperbolaeon joined 
with proslambanomenos, significant points on the zodiac correspond to sig- 
nificant parts of the Greater Perfect System. The equinoctial point corre- 
sponds to mesé. In astrological terms, the octave is then associated with 
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opposition. The twelve parts of the zodiac are associated with the twelve 
tones of the double octave.’ The remaining concords are similarly mapped 
onto the zodiac circle (Barker 1989b, 380-83). 

Ptolemy divided the motions of stars into three categories: longitudinal 
motions (risings and settings), vertical motions (further from and closer to 
the Farth), and lateral motions (shifting either north or south). He com- 
pared ascending and descending the musical scale to the rise and setting of 
stars. He compared the vertical motions to the genera, the genus deter- 
mined by where the tetrachord’s two internal notes are placed. He likened 
the moderate chromatic to motions at intermediate distances and veloci- 
ties, the enharmonic genus to the slowest velocities, the diatonic to the 
fastest velocities, and the modulations of the tomoz to the lateral motions 
(Barker 1989b, 384-88). 

Chapters 14 and 15 of the Harmonics were lost (Barker 1989b, 390), 
although the titles remain, indicating that in those chapters Ptolemy dis- 
cussed the relationship between harmonic ratios and planetary move- 
ments.* What remains of the Harmonics on this topic is general, and closed 
to the kind of testing Kepler required of his own harmonic theory. 

I 


The Essence of Archetypal Mathematics 


In the introduction to book I of the Harmonice, Kepler claimed that a study 
of harmony should begin with geometry: “We must seek the causes of the 
harmonic proportions in the divisions of a circle into equal aliquot parts, 
which are made geometrically and knowably, that is, from the construc- 
tible regular plane figures” (HM, 9; KGW VI, 15). The reason why har- 
mony should be so grounded in geometry derives from the relationship 
between knowable figures and the archetypes. Kepler defined “knowabil- 
ity” as follows: 


VIII Definition 

A quantity is said to be knowable if it is either itself immediately measurable 
by the diameter, if it is a line; or by its [the diameter’s] square if a surface: or the 
quantity in question is at least formed from quantities such that by some definite 
geometrical connection, in some series [of operations] however long, they at last 


depend upon the diameter or its square. (HM, 19; KGW VI, 21-22) 


That is, a quantity must be derivable from the diameter (or its square) of 
a circle. Definitions XII to XV classify the construction of figures into 
degrees of knowability, where knowability decreases as the complexity of 
deduction, or “distance” from the circle increases. 

This concept of knowability allows Kepler to distinguish between physi- 
cally plausible and implausible mathematical descriptions. For Kepler, un- 
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knowable figures could not have played a role in creation: “For if they are 
knowable, then they can enter the Mind and into the shaping of the arche- 
type; but if they are unknowable (in the sense which has been explained in 
Book I) then they have remained outside the Mind of the eternal Crafts- 
man, and have in no way matchéd the archetype” (HM 139; KGW VI, 
100-101). We finally get from Kepler an explicit classification of the kinds 
of geometrical and harmonic constructions that are likely to have arche- 
typal and, thus, physical significance. Knowability places limits on the 
kinds of things that can exist, for only knowable constructions could have 
been in God’s mind to create. 

Despite the general acceptance of using mathematics in harmonic the- 
ory, Kepler argued for the legitimacy of this practice. He first located har- 
mony not in the sounds themselves, but in relations between sounds. Be- 
cause relational harmony is ordered, and order is mathematical, the use of 
mathematics in harmonics is legitimate. Furthermore, harmony and quan- 
tity cannot exist without sound and matter respectively, or apart from a 
perceiving soul, and therefore are similar kinds of thing (HM, 290-91; 
KGW VI, 212). Here Kepler was following Aristotle’s requirement in the 
Posterior Analytics that mixed sciences have principles in common. 

In explaining how the soul recognizes harmony and quantity, Kepler 
sided with Proclus and Plato against Aristotle, appealing to the archetypes. 
Plato proposed in the Meno that the human mind is imprinted with the 
Forms and learns of them as a kind of recollection. Aristotle, by contrast, 
claimed that the mind is “just a blank sheet, so that nothing is written on 
it, not even any mathematicals” (HM, 298; KGW VI, 218). In other words, 
mathematicals are not recalled by an already knowing soul, but abstracted 
by the mind from physical objects. Following Proclus, Kepler disagreed 
vehemently, referring to Aristotle’s argument as stupid (HM, 298; KGW 
VI, 218). He did this on the grounds that without an archetype with which 
to compare them, the soul would be unable to recognize quantities and 
harmonies (HM, 299; KGW VI, 219). Kepler agreed, however, that mate- 
rial quantities, having particular shapes and sizes cannot exist apart from 
matter and must be abstracted from it (HM, 290-91; KGW VI, 212). 

It is in virtue of being imprinted with God’s image that our minds con- 
tain ideas of quantity and harmony: 


Geometry, which before the origin of things was coeternal with the divine mind 
and is God himself (for what could there be in God which would not be God 
himself?), supplied God with patterns for the creation of the world, and passed 
over to Man along with the image of God; and was not in fact taken in through 
the eyes. (HM, 304; KGW VI, 223) 


The implication is that these ideas aid study of the physical world. As ar- 
gued in the previous chapter, this relationship should not be taken to mean 
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that mathematics can tell us everything we need to know about physics. It 
only indicates the structure of physical systems. Kepler did not discuss this 
matter explicitly in the Flarmonice as he did in the Epitome, but he did hint 
at it: “For shapes are in the archetype prior to their being in the product, 
in the divine mind prior to being in creatures, differently indeed in respect of 
their subject, but the same in the form of their essence” (HM, 9-10, emphasis 
added; KGW VI, 15). 

As we can see, Kepler continued to believe that the world is both arche- 
typally structured and knowable through the archetypes. He added to this 
the notion that knowability requires geometrical constructibility. This re- 
quirement explains his uneasiness with astronomical models that could not 
be constructed properly, such as the ovoid model of Chapter 45 of the 
Astronomia. 


Synopsis of Book V 


The Harmonice is a complex weave, and I only follow a few of its threads, 
focusing on Kepler’s archetypal determination of the extreme motions, 
eccentricities, and distances. Little attention will be paid to the genera of 
the planets, the completeness of the chords they sound, and so on. Chap- 
ters 1—4 and 9 are the most important for my purposes, although 5-8 will 
be mentioned briefly. My purpose in maintaining a narrow focus is to pre- 
sent as clear and uncluttered a picture as possible of Kepler’s archetypal 
derivation of astronomy. Bear in mind, however, that this picture cannot 
help but be somewhat distorted. Part of Kepler’s justification for his arche- 
typal system is the way all the parts hang together. 

Kepler intended to develop in book V a system of planetary harmonies 
that explains the periods and eccentricities of the planets. To do this prop- 
erly, in accordance with his cosmological commitment to the primacy of 
geometry, he sought to base planetary harmonies on the nested-sphere 
model. Although he had already given a geometrical account of the distinc- 
tion between the concordant and discordant in book IT], the explicit rela- 
tionship between geometric and harmonic archetypes was not yet estab- 
lished. He devoted the first two chapters to this end. 

The first chapter is drawn from the polyhedral hypothesis of the Myste- 
rium. Kepler knew that the polyhedral hypothesis was inadequate, but still 
considered it archetypal. In linking the polyhedra to harmonic conso- 
nances, his first step was to construct two “weddings,” males (the cube and 
dodecahedron) to females (the octahedron and icosahedron). The tetra- 
hedron was considered hermaphroditic (HM, 397; KGW VI, 292). Kep- 
ler discussed the importance of the dodecahedron-icosahedron wedding 
in chapter 9, arguing that despite its difficult inclusion in the universal 
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harmonies, it nonetheless plays a critical role in determining the genera of 
the song. i 

Chapter 2 involves relating the polyhedra to harmonic ratios. Kepler 
focused on the ratios between adjacent spheres, this being “more appropri- 
ate to the present work” (HM, 401; KGW VI, 295) than other methods. 
Relating harmony to geometry is important because, as later stated in 
Chapter 9, “the proportions of the orbits, and their individual eccentrici- 
ties, issued simultaneously from the archetype” (HM, 451; KGW VI, 330). 

Kepler assigned the ratios 1:2 and 3:5 to the cube-octahedron wedding, 
as these are the closest harmonic ratios to the square root of 1:3, the ratio 
between the spheres of the cube and octahedron. For similar reasons he 
assigned 3:4, 5:8, 4:5, and 5:6 to the dodecahedron-cosahedron wedding, 
and 1:8 and 1:4 to the tetrahedron, notwithstanding the 1:3 ratio of its 
surrounding spheres. Wishing to leave 1:3 for the cube, Kepler argued that 
since the ratio for tetrahedral spheres is the square of those for cube-octa- 
hedron, tetrahedral harmonies should be the square of cubic harmonies; 
that is, 1:4 and 1:9. Because the ratio 1:9 is not harmonic, 1:8 would do 
(HM, 402; KGW VI, 296). 

The assignment of these particular ratios is clearly a result of Kepler’s 
desire to merge, by any means necessary, his harmonic and polyhedral 
hypothesis. This forced merger cannot help but cause wonder, for his ear- 
lier work was much more rigorous and precise. Even in the Mysterium 
where Kepler’ a priori ordering of solids appears ad hoc, there is still a 
comfortable fit between the model he constructed and his reasons for so 
constructing it. 

Chapter 3 summarizes, in thirteen propositions, the astronomical back- 
ground to Kepler’s harmonic theory. Propositions 1—4 concern the order 
and spacing of planetary orbits. The ordering is Copernican, the spacing 
determined approximately by the nested-solids model. Propositions 5-7 
summarize Kepler’s account of the motion of a single planet. Among other 
things, proposition 5 includes Kepler’s distance rule: “the true daily arcs of 
a single eccentric orbit corresponding with them have a proportion to each other 
which is the inverse of the proportion of the two distances from the Sun” (HM, 
408; KGW VI, 300; emphasis in original). Proposition 6 concerns apparent 
angular motion as seen from the sun: “the proportion of the apparent daily ares 
on a given eccentric is fairly precisely the square of the inverse proportion of their 
distances from the Sun” (HM, 409; KGW VI, 300; emphasis in original). 
This proposition is quite important for Kepler’s harmonic theory, for he 
came to hold that planetary harmonies are carried by the apparent diurnal 
arcs as seen from the sun. Proposition 7 was the basis of yet another arche- 
typal argument against the Ptolemaic system. Because retrograde motion 
requires considering an infinite number of ratios, such motion is an unsuit- 
able basis for harmonic speculation (HM, 410; KGW VI, 301).’ 
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Propositions 8-13 concern the motions of more than one planet, and 
thus are most important for calculating the harmonic proportions of plan- 
etary motions. Kepler’s harmonic law first appears in Proposition 8: 


[Mt is absolutely certain and exact that the proportion between the periodic times of 
any two planets is precisely the sesquialterate proportion of their mean distances, that is, 
of the actual spheres, though with this in mind, that the arithmetic mean between the 
two diameters of the elliptical orbit is a little less than the longest diameter. (LIM, 
411-12; KGW 302; emphasis in original) 


Stephenson (1994, 140-41) notes that the qualification following the state- 
ment of the third law reveals Kepler’s uncertainty as to whether the har- 
monic law applies to planets with a large eccentricity. Nonetheless, Kepler 
was pleased, and rightly so: 


For when the true distances betwcen the spheres were found, through the obser- 
vations of Brahe, by continuous toil for a very long time, at last, at last, the 
genuine proportion of the periodic times to the proportion of the spheres ... 
and if you want the exact moment in time, it was conceived mentally on the 8th 
March in this year one thousand six hundred and eighteen, byt submitted to 
calculation in an unlucky way, and therefore rejected as false, and finally return- 
ing on the 15th of May and adopting a new line of attack, stormed the darkness 
of my mind. So strong was the support from the combination of my labor of 
seventeen years on the observations of Brahe and the present study, which con- 
spired together, that at first I believed I was dreaming, and assuming my conclu- 
sion among my basic premises. (HM, 411; KGW VI, 302) 


Kepler’s harmonic law is shrouded in mystery. The Harmonice provides 
no account of its discovery or justification. Cohen (1960, 138-40) specu- 
lates that Kepler simply squared and cubed the numbers until they fit. 
Gingerich proposes that because Kepler did not discover the harmonic law 
when searching for a relation between the distances and the periods in the 
Mysterium, he was being not a number juggler but “guided, or rather mis- 
guided, by theoretical [physical] considerations” (Gingerich 1975a, 596). 
Wilson (1978, 238) proposes that Kepler derived the third law from har- 
monic speculations. Certainly Kepler exploited the third law in his har- 
monic speculations, and his final harmonic assignments imply it, insofar as 
they determine the distances and the periods. But these harmonic specula- 
tions and assignments cannot be taken as Kepler’s only means of either 
discovering or justifying the third law. As will become obvious, his harmo- 
nies were constructed to further justify an already known planetary system, 
and so could not be taken to determine unknown features of that system. 
If Stephenson is correct, moreover, Kepler did not yet know whether the 
third law was approximate or exact. Were it merely a useful approximation, 
akin in this way to the vicarious hypothesis, it could not be archetypal. 
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Proposition 9 tells us how to determine true diurnal (linear) motions: 
“the true daily arc of each planet must be multiplied by the semidiameter of its 
orbit” (HM, 412; KGW VI, 302; emphasis in original). In proposition 10 
Kepler determined the ratio of apparent diurnal arcs derivable by dividing 
the ratios of the true diurnal motións by the ratio of the distances. Proposi- 
tion 11 allows one to determine the apsidal distance from mean distances 
and mean apparent motions. The mean apparent motion is to the apsidal 
distance as the root of the product of the mean and extreme apparent mo- 
tions is to the mean distance. Kepler did not use proposition 11 in chap- 
ter 9 to determine the apsidal distances, but simply added or subtracted the 
eccentricity from the mean distances (table 6.9). 

Proposition 12 shows how to determine the motions from the ratio of 
the apparent aphelial to apparent perihelial motion. The mean motion is 
the geometric mean minus half the difference between arithmetic and geo- 
metric means, where the arithmetic mean is the averaged ratio of the ap- 
parent extreme motions, and the geometric mean is the square root of the 
product of apparent extreme motions (HM, 413-14; KGW VI, 303-4). 
Later, for example, Kepler harmonically determined the ratio of Saturn’s 
extreme apparent motions to be 64:81. As the geometric mean is 72, and 
the arithmetic mean 72.50, the mean motion is: 


750-72 


72 =71.75. 


In proposition 13 Kepler argued that the ratio of two apparent converg- 
ing extreme motions (the ratio of the superior planet’s perihelial motion to 
an inferior planet’s aphelial motion) is just less than the ratio of corre- 
sponding distances to the two-thirds power. Kepler’s proof is far from ob- 
vious, and because the proposition does not figure in this synopsis, I refer 
the reader to Stephenson (1994, 143-44). Propositions 6, 8, 10, and 12 
show up in Kepler’s harmonic derivation of the distances and eccentric- 
ities, making them particularly germane to the present discussion. 

Kepler did not discuss the physical causes of planetary motion in this 
section, and mentioned only briefly that the sun is its source, because he 
considered necessary for assigning harmonies not the physical causes but 
the spatial or geometrical configurations resulting from them. 

In chapter 4 Kepler considered five aspects of planetary motion that 
might express harmonic consonances: distances from the sun, periodic 
times, diurnal eccentric arcs, diurnal delays in those arcs, and angles of the 
diurnal arcs as seen from the sun. He settled on the last, arguing first that 
diurnal delays are “lengths without motion . . . [and] are not appropriate to 
be examined for harmonies, because the harmonies are more intimately 
connected with motion, on account of its swiftness and slowness” (HM, 
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421; KGW VI, 310). Second, unperceivable consonances are of little use, 
and so distances from the sun, periodic times, and diurnal eccentric arcs are 
likewise unfit to express them. Thus they are expressed in apparent diurnal 
arcs perceivable from the sun (HM, 423-24; KGW VI, 311-12). 

Kepler’s table of consonances is generated by apparent angular diurnal 
motion at aphelial and perihelial points (table 6.2). Column 1 is the appar- 
ent diurnal motion calculated from astronomical theory; column 2 displays 
the harmonic ratios closest to the extreme motions of two planets; and 
column 3 is the harmonic ratio closest to the ratio of a single planet’s ex- 
treme motions. Also included are consonances corresponding to the ratios 
in column 2. 

Kepler uncovered two types of harmonies, those between an individual 
planet’s aphelial and perihelial motions, and those between adjacent plan- 
ets’ diverging, converging, and eiusdem plagae motions. Diverging motion 
is the ratio of the aphelial motion of the superior planet to the perihelial of 
the inferior. Converging motion is the ratio of the perihelial of the supe- 
rior to the aphelial of the inferior. Eiusdem plagae motion is the ratio of 
either the aphelial to aphelial or perihelial to perihelial. The ratios were 
then fitted, in some cases again by brute force, to the nearést harmonic 
consonances. - 

Kepler justified the imperfect fit between astronomical and harmonic 
theories by pointing out that the largest harmonic discrepancies occur be- 
tween Jupiter and Mars, where the polyhedral model is most accurate 
(HM, 429; KGW VI, 316). The point, I take it, is that even large harmonic 
discrepancies are acceptable so long as the world is still conforming to an 
archetype. He discounted errors involving Venus and Mercury on the 
grounds that little was known about their motions. As well, most of the 
discrepancies would not be discernible to the human ear (HM, 427; KGW 
VI, 315).8 

In chapters 5-8 Kepler considered the consonances as joined, first se- 
quentially in scales, then together in polyphonic harmony. Again, he dis- 
regarded errors less than a semitone, promising to reveal their causes later 
(HM, 432; KGW VI, 317). He emphasized that the harmonies are found 
in the aphelial and perihelial movements rather than in those in between. 
The scales ascribed to the planets in chapter 6 were constructed by filling 
in the notes between the extreme movements, although the movements 
between the apsides provide a continuum of tunings rather than the dis- 
crete series of notes shown in figure 6.2 (HM, 439; KGW VI, 322; fig- 
ure 6.2 is from HM, 439). The adjustments of planetary ratios made in 
chapter 9 disrupt all but Mercury’s scale. (Columns 2 and 3 in table 6.4 
compare the original harmonies in table 6.2 to the final harmonies as- 


signed in chapter 9). 
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TABLE 6.2 


Harmonies of Apparent Diurnal Motion 
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1 


Apparent Diurnal Motion 


Saturn 
Aphelion: 1°46” a. 
Perihelion: 2715” b. 


Jupiter 
Aphelion: 430” c. 
Perihelion: 5°30” d. 


Mars 
Aphelion: 26°14” e. 
Perihelion: 381” f. 


Earth 
Aphelion: 573” g. 
Perihelion: 61/18” h. 


Venus 
Aphelion: 9450” i. 
Perihelion: 97°37” k. 


Mercury 
Aphelion: 1640” 1. 
Perihelion: 3840” m. 


1:3 = twelfth 


5:24 = double octave and 


minor third 
5:8 = minor sixth 


2 


e 
Harmonies between 
Two Planets 


3 
Harmonies between 
the Motion of 
Single Planets 


ad = 1:3, b:c = 1:2 


cf = 1:8, d:e = 5:24 


eth = 5:12, fig = 2:3 


gik = 3:5, h:i = 5:8 


im = 1:4, k:} = 3:5 


a:b = 4:5, major third 


cd = 5:6, minor third 


e:f = 2:3, diapente (fifth) 


gih = 15:16, semitone 


i:k = 24:25, diesis 


bm = 5:12, 


diapason (octave) and minor third 


1:2 = octave 


5:12 = octave and minor 


third 


1:4 = double octave 


1:8 = triple octave 
2:3 = fifth 


3:5 = Major Sixth 


Note: Lowercase letters indicate the harmonic ratios closest to the extreme motions 
of the two planets; boldface indicates harmonic ratios that do not correspond exactly 
to the ratios of the diurnal motions. 
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NON i 
tian anit a 


Saturn Jupiter Mars, nearly The Earth 


Venus Mercury Here the Moon also 
has a place. 


Figure 6.2. Planetary Scales 


In chapter 7 Kepler argued that, even though one sextuple harmony 
found among the planetary movements would be sufficient to indicate that 
God created the world, he could construct four “skeletal outlines,” two 
durus and two mollis scales.” By skeletal outline Kepler meant a range of 
notes within which each planet can sound to participate in the chord (HM, 
443-46; KGW VI, 324-27). : 

It might seem that Kepler’s ability to construct not just one but four 
planetary chords would be a striking victory. But this is not so. Some of the 
notes were taken from the intermediate motions of the planets, which 
Kepler believed to lack, or have at most impoverished, harmonic qualities. 
He held that the best harmonies attach to extreme motions (at aphelion 
and perihelion). It is important that the best harmonies be possible because 
Kepler speculated that “if there could occur one single sixfold harmony, or 
one outstanding one among several, that undoubtedly could be taken as 
characterizing the Creation” (HM, 443; KGW VI, 324). Kepler hedged his 
bets, allowing that one sixfold harmony, and not necessarily the best, could 
mark Creation. But any harmony less than the best would have been unsat- 
istactory. Surely God would mark Creation with the best of all possible 
harmonies. With four acceptable harmonies, none a clear superior, it is not 
obvious which God would have chosen to start Creation. This is a prob- 
lem, for the selection seems arbitrary, and a God never does any- 
thing without a reason. 

The problem is that Venus’s limited range prevents the aphelial motion 
of Mars and the perihelial motion of Jupiter from participating in the har- 
monies. In response, Kepler explored the scales possible “if we command 
this antagonistic lady, Venus, to be silent, that is, if we consider what har- 
monies there can be, not of all the planets, but at least of the remaining 
five” (HM, 446; KGW VI, 327). He was able to construct a skeleton in- 
cluding Jupiter’s perihelial motion, but not Mars’s aphelial motion. He 
identified Venus’s husband, Earth, as the problem, and constructed an- 
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other skeleton without Earth and Venus, thus including the aphelial mo- 
tion of Mars. While Kepler was able to construct harmonies in which all of 
planets participate, he was not able to accommodate the best harmonies of 
all the planets at once. One would expect this failure to bother him, be- 
cause these harmonies do not provide striking evidence that he has suc- 
ceeded in constructing an archetypal account. But no bother is evident in 
his closing paragraph in the chapter: 


Therefore, the motions of the heavens are nothing but a kind of perennial har- 
mony (in thought not in sound) through dissonant tunings, like certain syncopa- 
tions or cadences (by which men imitate those natural dissonances), and tending 
toward definite and prescribed resolution, individual to the six terms (as with 
vocal parts) and marking and distinguishing by those notes the immensity of 
time. Thus it is no longer surprising that Man, aping his Creator, has at last 
found a method of singing in harmony which was unknown to the ancients, so 
that he might play, that is to say, the perpetuity of the whole of cosmic time in 
some brief fraction of an hour, by the artificial concert of several voices, and taste 
up to a point the satisfaction of God his Maker in His works by a most delightful 
sense of pleasure felt in this imitator of God, Music. (HM, 446, KGW VI, 328) 


Chapter 9, perhaps the most significant chapter of the Harmonice, is also 
the most difficult. Kepler fittingly opened it with a prayer to aid under- 
standing. His objective was to show that variation in planetary eccen- 
tricities is the result of a rational divine plan. But he discovered that the 
universe was far less simple than he had believed it to be when he wrote 
the Mysterium. Harmonic archetypes that account for planetary motion 
turn out to be quite complex, so much so that Kepler described the vari- 
ous harmonic considerations as at war with cach other. His recourse was 
to explain dissonant proportions as the result of more important prior 
consonances. 

Kepler justified the internal tensions of his harmonic construction in 
forty-nine statements, divided into the rationes priores (the first seventeen) 
and the posteriores rationes (the last thirty-two). The prior reasons assign 
ratios to the planets, Venus and Earth excepted. The posterior reasons 
struggle with the difficult couple, forcing certain modifications of the ra- 
tios assigned by the prior reasons. Kepler wanted to show how the tensions 
between competing harmonic demands make it impossible to meet them 
all. Certain adjustments to the harmonic ratios bring them closer to the 
observed planetary ratios, and so the discrepancy between observed and 
harmonic ratios is explainable by the conflict between harmonic demands. 

The forty-nine statements are further divided into axioms and proposi- 
tions. The axioms are philosophical principles to which the assignments of 
ratios must conform, and those of particular significance emphasize either 
the aesthetic importance of variety, or polyhedral constraints on possible 
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harmonies. The propositions justify both the assignment of consonances 
and the deviations from them. The assignments are based on the results of 
chapter 2, where the polyhedra were connected with consonances. The 
discrepancies are explained by appeal to more important archetypal con- 
siderations. If pairs of consonances conflict, the superior is to be left 
unblemished. 

The war between consonances is required to explain discrepancies be- 
tween apparent diurnal motions and the harmonies closest to them, and to 
show why some harmonious notes could not be sounded at all. That Kep- 
ler discussed the war at length indicates that he still believed the material 
world represents the archetypal precisely. Had Kepler abandoned this be- 
licf, the results in Chapter 4 would have sufficed to show the harmonic 
nature of planetary motion.!° 

Kepler’s first move was to assign polyhedra-based harmonies to con- 
verging and diverging motions, and to the private ratios'! (the apparent 
aphelial to apparent perihelial motion of single planets). He did not assign 
all of the ratios in this manner, but calculated those remaining from the 
following formula: 


1. diverging + converging = the product of the private ratios far two adjacent 
planets." 


Most of Kepler’s initial assignments correspond to the original harmo- 
nies, as shown in table 6.3, which juxtaposes the original harmonies from 
chapter 4 with the initial assignments from chapter 9. Most of the assign- 
ments based on prior reasons matched the original harmonies. The origi- 
nal assignments of a private ratio to Earth, Venus, and Mercury were based 
on posterior reasons, where Kepler focused on the cause of discrepancies 
between the harmonies and planetary motion. 

As we can see, there is substantial agreement between the harmonies 
drawn from the polyhedra, and those from the harmonies closest to the 
observed ratios. If we ignore that the harmonies were linked unconvinc- 
ingly in chapter 2, this is a promising start for Kepler’s archetypal justifica- 
tion of the extreme motions. To see how Kepler justified the agreements 
and discrepancies together, it will help to trace his assignment of initial 
harmonies and adjusted harmonies to a particular planet (Mars). Five as- 
signments determine the apparent diurnal motions of Mars: the converg- 
ing and diverging between Jupiter and Mars, the converging and diverging 
between Mars and Earth, and Mars’s private ratio. 

The original assignment of harmonic ratios to converging and diverging 
motions between Jupiter and Mars was made in proposition 13. Earlier, in 
assigning ratios to polyhedra, Kepler argued that the tetrahedral ratios 
should be the squares of the cubic ratios. But because the square of 1:3 
(1:9) is not harmonic, and the square of 1:2 (1:4) had already been assigned 
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TABLE 6.3 
Original Harmonies and Initial Assignments 
Original Harmonies Initial Assignments 

div con priv # div con priv 

Saturn 4:5” 4:5 (11) 
1:3 1:2 1:3 (8) 1:2 (8) 

Jupiter 5:6 5:6 (11) 
1:8 5:24 1:8 (13) 5:24 (13) 

Mars 23 18:25 (14) 
5:12 2:3 5:12 (17) 2:3 (15) 

Earth ; 15:16 14:15 (28) 
3:5 5:8 N/A 5:8 (15) 

Venus 24:25 35:36 (28) 
1:4 3:5 1:4 (12) 3:5 (15) 

Mercury 5:12 N/A 


Note: Discrepancies are underlined, initial assignments consistent with Kepler’s pairing of 
ratios with the polyhedra in chapter 2 are boldfaced, and numbers of the propositions giving 
the assignment are bracketed. 


to the octahedron, Kepler assigned the next closest harmonic ratios (1:8 
and 5:24) respectively to the diverging and converging motions. 

In proposition 14 Kepler determined the private ratio of Mars to be 
18:25, having determined in proposition 11 that the private ratio of Jupiter 
is 5:6. 


Jı Ma Jp Ma 1 24 6 18 
Mp P ja Mp 8° 5 5725 


(where a and p refer to aphelial and perihelial motion respectively, and J 
and M to Jupiter and Mars respectively). Mars’s original private ratio was 
2:3, but this was inconsistent with the ratio derived from Jupiter’s. Al- 
though Kepler resolved the conflict in favor of the derived ratio, it was 
already clear that the original harmonies could not all be fit together. 

Proposition 15 assigns 2:3 to the converging motion of Mars and Earth, 
because the proportion of the inner and outer spheres of the dodecahedron 
equals that of the icosahedron, and so the ratios of spheres for Mars and 
Earth should be close to that for Earth and Venus. Given 5:8 for the con- 
verging motion of Earth and Venus, the nearest harmony that has not 
already been eliminated is 2:3. 
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Proposition 17 (the last of the prior reasons) determines that the diverg- 
ing motion of Mars and Earth is not less than 5:12. To determine the ratio 
precisely from the formula, Kepler needed the Earth’s private ratio, which 
he had not yet assigned. However, he argued that the diverging motion 
ought not be lower than 12:25, because Mars’s private ratio combined with 
the converging motion of Mars and Earth is 12:25, and 5:12 is the next 
greater harmonic ratio. 

The five ratios for Mars are adjusted in propositions 40, 41, and 42. In 
proposition 40, Kepler multiplied the Platonic Limma (243:256) by the 
ratio of Jupiter’s aphelion to Mars’s perihelion, because without it the ratio 
of Saturn’s aphelion to Earth’s aphelion would be just shy of the five oc- 
taves that Kepler determined it to be in proposition 31. The result is 
243:2048. This calculation requires readjustments in the related values. In 
proposition 41, Kepler readjusted the private ratio of Mars accordingly. 
The diverging motion of Jupiter and Mars was derived in proposition 40, 
the converging from 13, and Jupiter’s private ratio from 38. The resultant 
private ratio for Mars is 25:36: 


Ja „Jp „Ma _ Ma 243 | 8000 24 _ 25 
Mp Ja Jp Mp 2048 6561 5 36` 


In proposition 42 Kepler similarly adjusted the diverging motions of Mars 
and Earth to 54:125. i 

As we can see, Kepler’s assignment of harmonic ratios was terribly com- 
plex and, at times, uncompelling. The adjustments do, however, bring the 
harmonic ratios closer to the observed ratios. Table 6.4 shows the ob- 
served ratios and initial harmonies (from Tables 6.2 and 6.3), as well as the 
final assignments, converted into decimals for comparative purposes (the 
final assignments will be shown again in Table 6.5 as the ratios Kepler 
gave). The competing demands of harmony require adjustments to the 
original harmonies, which requires that some planetary motions be less 
than perfectly harmonious. This argument to the harmonic archetype is 
impressive, if complex. 

But Kepler wanted to show more than simple correspondence between 
the archetypal and the observed. He wanted to show that planetary mo- 
tions could be derived from harmonic ratios: Proposition 48 contains a 
long and difficult argument to this effect. Here is a sketch. Kepler first 
obtained the mean distances between the planets and the sun, then the 
eccentricities of the orbits from the harmonic ratios (table 6.5). These ec- 
centricities and distances, however, are not on a common scale. Kepler 
then developed a common scale for the harmonically derived private ratios 
(which express the extreme apparent motions, shown in table 6.6). Using 


HARMONICE MUNDI 131 


TABLE 6.4 
Observed and Adjusted Harmonic Ratios 


A ST STE AA 


a Ratios Thitial pee Final sie 
div con priv div con priv div con priv 
Saturn .7852 8 7901 
3212.5 3333.5 324 5 
Jupiter 8182 8333 8201 
1184 .2097 125.2048 1187 .2083 
Mars 6901 6666 6944 
4279 6663 4167 6667 432 6666 
Earth .9307 9375 9331 
5844 6464 6 625 5832 6430 
Venus 9715 .96 9720 
247  .5952 25 5 243 6 
Mercury 4271 .4167 4167 


this common scale for the extreme apparent motions, he derived the mean 
apparent motions, both on a private scale (table 6.7), and on a common 
scale (table 6.8). From the mean apparent motions on a common scale, he 
derived, also on a common scale, the mean distances. Using the ratios of 
the mean distances on a common scale to those derived directly from the 
private ratios, he could convert the eccentricities to a common scale (table 
6.9). From the eccentricities and mean distances, he calculated the aphelial 
and perihelial distances, because the eccentricity measures the amount the 
extreme distances deviate from the mean. He could then compare the har- 
monically derived extreme distances to the astronomically derived extreme 
distances given in chapter 4. 

Table 6.5 shows Kepler’s derivation of eccentricities from private ratios 
(HM, 484; KGW VI, 357). Column 1 cites the propositions yielding the 
private ratios in column 2. Column 3 converts apparent motions into dis- 
tances by means of proposition 6 from chapter 3; the apparent diurnal arcs 
are inversely proportional to the squares of the distances, so one simply 
finds the square root of the numbers in column 2 to get those of column 3. 
Kepler gave multiples of the square roots, presumably to avoid decimals 
in the table. For example, without a multiple of the square roots 8 and 9 
for Saturn, half of the difference which yields the eccentricity would be 
.5.!4 Column 4 is the mean distance from the sun, which is obtained by 
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TABLE 6.5 
Eccentricities from Harmonies 
1 2 3 4 5 6 
Eccentricities 
Private . Square Mean If Radius Is 
Ratio ` Roots Distances Eccentricities 100,000 
Saturn 64 80 85 5 5,882 
(by 38) 81 90 
Jupiter 6,561 81,000 85,222 4,222 4,954 
(by 38) 8,000 89,444 
Mars 25 50 55 5 ; 9,091 
(by 41) 36 60 
Earth 2,916 93,531 95,178 1,647 1,730 
(by 28) 3,125 96,825 
Venus 243 9,859 99,295 705 710 
(by 28) 250 10,000 i 
Mercury 5 63,250 80,625 17,375 21,551 
(by 45) 12 98,000 


averaging the ratio given in column 3. Column 5 takes the difference be- 
tween mean and extreme distances, yielding eccentricities, which in col- 
umn 6 are adjusted to a mean distance of 100,000. 

Kepler had astronomically determined the Earth’s eccentricity to be 
1,800. The harmonically derived 1,730 was simply as close as he could get 
to 1,800. Jeremiah Horrocks (1618-41) later corrected the astronomical 
result from 1,800 to 1,730. Ironically, then, though Kepler used 1,800 for 
the Rudolphine Tables (KGW X), the harmonically derived eccentricity was 
more accurate (Wilson 1989, 237, 251).! The use of 1,800 instead of 1,730 
echoes Kepler’s notion, expressed in the Astronomia, that while astronomy 
must be grounded in higher disciplines like physics and metaphysics, it is 
more closely tied to observation and hence more certain. 

Kepler generated distances using harmonic proportions and the har- 
monic law. His first step was to put the extreme motions expressed by the 
private ratios on a common scale, although little is said about the signifi- 
cance of this scale.'® Stephenson (1994, 222-23) argues that this move was 
intended to show that the extreme motions derived from the private ratios 
are harmonically intertwined. The scaled numbers were needed to exhibit 
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TABLE 6.6 


Apparent Extreme Motions from Harmonies 
LS TH FI TY OS 


1 2 3 4 
Private Extreme Prime 
Harmonic Pairs ¢ Ratios Motions Factors 
1 Saturn aphelial 64 139,968 26x37 
1 Saturn perihelial 81 177,147 31 
| 2 Jupiter aphelial 6,561 354,294 2x3! 
5 Jupiter perihelial 8,000 432,000 27 x 33 x 53 
| 24 Mars aphelial 25 2,073,600 210x 34 x 57 
2 Mars perihelial 36 2,985,984 22 x 36 
32 3 Earth aphelial 2,916 4,478,976 2M yx 3? 
5 Earth perihelial 3,125 4,800,000 2°x3x5 
5 Venus aphelial 243 7,464,960 2M x 35x 5 
1 3 8 Venus perihelial 250 7,680,000 22 x 3x 54 
| 5 Mercury aphelial 5 12,800,000 2! & 55 
4 Mercury perihelial 12 30,720,000 214 x 3 x 54 


links between the various harmonies expressed by planetary motion. A 
planet’s extreme motion must be proportional to its private ratios and to its 
harmonic ratio—for example, the ratio of Saturn’s aphelion to the Earth’s 
aphelion must be that of 1:32. Together, these constraints require adjust- 
ment and readjustment of the ratios between aphelion and perihelion. The 
extreme motions that Kepler derived are the smallest numbers that satisfy 
both constraints. Table 6.6 represents this derivation (HM, 485; KGW VI, 
357). Column 1 displays the harmonic ratios between planets, column 2 
the private ratios, and column 3 the smallest numbers that fit the above 
constraints. Column 4 shows the prime factors of column 3.17 

Once Kepler had the extreme apparent motions, he determined the 
mean apparent motions. By the third law, he used the mean apparent mo- 
tions to generate the ratios of the mean distances. He used proposition 12 
of chapter 3 to determine mean apparent motions, which “is less than the 
geometric mean by the same amount as the geometric mean is less than the 
mean between the two [the arithmetic mean]” (HM, 413; KGW VI, 303). 
The arithmetic mean is simply the average of the private ratio. The geo- 
metric mean is the square root of the product of the private ratio. Table 6.7 
shows Kepler’s derivation of the mean motions.'*® Column 1 is the private 
ratio from table 6.6. Column 4 takes half the difference between the arith- 
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TABLE 6.7 
Derivation of Mean Apparent Motions 
nines a 
1 P 3 4 5 
Private Arithmetic Geometrical Mean 
Ratios Means Means Halves Motions 
Saturn 
64 72.50 72.00 25 71.75 
81 
Jupiter 
6,561 7,280.5 7,244.9 17.8 7,227.1 
8,000 
Mars 
25 30.50 30.00 25 29.75 
36 
Earth 
2,916 3,020.500 3,018.692 904 3,017.788 
3,125 i 
Venus a 
243 246.500 246.475 0125 > 246.4625 
250 
Mercury 
5 8.500 7.746 377 7.369 
12 


metic and geometric means from columns 2 and 3 respectively. By propo- 
sition 12 from chapter 3 one can derive the mean motions in column 5 by 
subtracting column 4 from column 3. 

Because the numbers in column 5 are from the private ratios, they need 
to be converted to a common measure. The scale used is the proportion 
between columns 2 and 3 in table 6.6. The numbers derived are those 
displayed in column 1 of table 6.8.'° For example, Saturn’s private ratio 
64:81 is multiplied by 2,187, yielding 139,968:177,147 (columns 2 and 3 
from table 6.6). To get Saturn’s mean motion on a common scale, then, 
one multiplies 71.75 by 2,187, yielding 156,917. The same procedure 
for the other planets will give the remaining numbers for column 1 in 
table 6.8. 

Converting the mean apparent motions into distances requires the har- 
monic law, which tells us that the cubes of the mean distances are propor- 
tional to the squares of the periodic times. One of its implications, by prop- 
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TABLE 6.8 
Mean Motions into Distances 
1 2 3 
Mean Motions 7 Inverse Mean Distances 
ona Common » Sought among Sought among 
Scale the Cubes the Squares 

Saturn 156,917 29,539,960 9,556 
Jupiter 390,263 11,877,400 5,206 
Mars 2,467,584 1,878,483 1,523 
Earth 4,635,322 1,000,000 1,000 
Venus 7,571,328 612,229 721 
Mercury 18,864,680? 245,714 392 


* As Stephenson (1994, 224) notes, Mercury should be 18,864,640. 


ositions 9 and 10 in chapter 3, is that the cube of the mean distances is 
inversely proportional to the squares of the mean apparent motions.”? The 
inverse mean motions are obtained by standardizing the Earth’s inverse 
motion at 1,000,000, and deriving the others as a function of this inverse 
and the mean motions on a common scale. For example, the inverse for 
Mars is (4,635,322 + 2,467,584) x 1,000,000 = 1,878,486 (Earth’s motion 
divided by Mars’s and multiplied by Earth’s inverse, 1,000,000).”! For col- 
umn 3 of table 6.8 Kepler used Clavius’s table of squares and cubes in 
Practical Geometry. For example, the mean distance for Mars found among 
the squares is the cube root of 1,878,486 (123.39), squared (15224.35), and 
divided by 10, so that the Earth’s mean distance will be 1,000. 

Having already derived the mean distances and eccentricities from pri- 
vate ratios, Kepler then used the mean distances on a common scale to put 
the eccentricities on a common scale. (For example, the private mean dis- 
tance of Saturn is 85, and the common is 9,556. By this ratio, the private 
eccentricity is 5, the common eccentricity 562. Likewise for the other 
planets.) From this he derived the aphelial and perihelial distances, where 
aphelial distance is mean distance plus eccentricity, and perihelial distance 
is mean distance minus eccentricity. The results are displayed in table 
6.9.7 In column 1 are the private mean distances, and in column 2 the 
private eccentricities, both from table 6.5. Column 3 gives common eccen- 
tricities by the ratio of private mean distances (column 1, table 6.9), and the 
common mean distances (column 3, table 6.8). Columns 4 and 5 give aphe- 
lial and perihelial distances. In brackets are the observed distances from 
chapter 4. 

Stephenson, after comparing the derived aphelial and perihelial dis- 
tances to the observed distances, comments that Kepler’s harmonic deriva- 
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TABLE 6.9 


Distances at Aphelion and Perihelion 
e 


1 2 3 4 5 
Private Private Common 
Mean Distances Eccentricities Eccentricities Aphelion Perihelion 

Saturn 85 5 562 10,118 8,994 
[10,052] [8,968] 

Jupiter 85,222 4,222 258 5,464 4,948 
[5,451] [4,949] 

Mars 55 5 138 1,661 1,384 
[1,665] [1,382] 

Earth 95,178 1,647 17 1,017 983 
[1,018] [982] 

Venus 99,295 705 5 726 716 
[729] [719] 

Mercury 80,625 17,375 85 476 308 
[476] [307] 


tion is accurate enough that “it is clear why Kepler [felt] no great need to 
apologize” (Stephenson 1994, 226). Indeed, if we are willing to accept 
Kepler’s assignment of consonances to both polyhedra and planetary mo- 
tions, the model they yield is impressively accurate. 


The Influence of Kepler’s Harmonies on His Cosmology 


In his Introduction to book V, Kepler commented that the harmonies he 
discovered were not what he had originally expected, “but in a totally dif- 
ferent way, and also at the same time a quite outstanding and perfect way” 
(HM, 389-90; KGW VI, 289). These changes had a dramatic influence on 
his cosmology and its philosophical underpinnings. We see variety rather 
than simplicity in the archetypes, as well as different conceptions of the 
nature of matter and the perfection of geometry. 


Variety and Simplicity 


In Kepler’s view of the new astronomy, only a complex archetypal system 
could provide adequate final and formal explanations of planetary motion. 
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Music theory both allows for a variety of possible relationships and limits 
the scope of those acceptable. Only some ratios are concordant, only some 
progressions melodic, and only some chords harmonic. Yet within this 
structure, a variety of scales and chords are possible. This variety comes at 
a price, however. Competing harmonies sometimes result in discord, 
which is why Kepler emphasized that this world is not absolutely perfect 
but merely the “best possible.” 

Notice that Kepler was still able to retain a kind of simplicity, the resolv- 
ability of complex phenomena into a pattern. Consider, for example, chap- 
ter 39 of the Astronomia, where Kepler argued that the motions implied by 
the Ptolemaic model were far too complex to be physically possible. Once 
the solid spheres were ruled out, the causal mechanism moving the planets 
in unequal loops would have to be incredibly complex. In the Harmonice, 
Kepler retooled this argument, pointing out that the ratios implied by the 
Ptolemaic model were inappropriate for harmonic analysis, for they could 


not be resolved into a pattern (HM, 410; KGW VI, 301). 


Mathematical and Physical Models 


Kepler’s difficulties in fitting consonances to planetary motions under- 
scores his strong need to complete the archetypal project. His motivations, 
I have argued, were both methodological and epistemological. The Mys- 
terium and the Astronomia had left certain tasks unfinished. Still strongly 
influenced by the scholastic tradition, he needed to provide final and for- 
mal explanations of the structure of the universe for his work in the As- 
tronomia to count as a proper part of natural philosophy. 

He also needed to justify the mathematical measure of libration from 
chapter 57 of the Astronomia. As discussed earlier, Kepler agreed with Aris- 
totle that mathematics alone could not reveal important information about 
physical change. Mathematics could reveal such information, however, if 
attached to a qualitative physical or archetypal theory. The magnetic anal- 
ogy on which the measure of libration was based was inadequate. But the 
sum of sines model was sufficiently aesthetically pleasing to be a candidate 
for archetypal justification. It unified the nonuniform motion of planetary 
libration. In the Astronomia, the elegance of the sum of sines model was an 
indication of its candidacy for measuring a force. In the Harmonice it turns 
into an extremely important by-product of the archetypes. Although har- 
monic archetypes determine only the extreme motions, Kepler’s God 
would have created an orderly means by which the path between extreme 
motions could be traversed. In addition, because the eccentricity of each 
planetary orbit is different, a unifying measure that produces various har- 
monies from different starting points would be especially aesthctically 
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pleasing. If the mean distances, aphelial motions, and perihelial motions 
are determined archetypally, then on the assumption that all other motion 
is methodically generated, all motion is archetypally determined.” The 
orderly generation of planctary libration freed Kepler to examine only ex- 
treme movements for harmonic consonances: 


And because all these [the arcs, the delays in equal arcs, and the distance of the 
arcs from the sun or the intervals] are as it happens variable in the case of the 
planets, there can be no doubt that if they have been assigned any geometrical 
beauty, by the sure design of the Maker, they acquire it at their extremes, as at 
their distances in aphelion and perihelion, and not so much at the mean dis- 
tances in between. For given the proportions of the extreme distances, the de- 
sign does not need to fit the intermediate proportions to a definite number; for 
they follow automatically, by the necessity of the planetary motion from one extreme, 
through all the intermediate points, to the other extreme. (HM, 420; KGW VI, 308; 
emphasis added) 


Did this orderly generation increase Kepler’s confidence in his account 
of libratory motion? The “physical” version of his measure of libration 
(that the strength of the attraction or repulsion is measured by the sine of 
the coequated anomaly) entailed that the threads that interfere with the 
sun’s motive force, causing the planet to librate in its orbit, cannot be 
identified with the axial motion of the planet. When writing the Astro- 
nomia, Kepler felt it unlikely that any other portion of the planetary body 
was suitable for being identified as the magnetic threads, and suggested 
that there is a need for planetary minds to guide the planet (AN, 559-60; 
KGW II, 355-56). Yet in the Epitome, published after the Harmonice, 
Kepler stated with casual assurance that the threads must be appropriately 
oriented, and therefore must be under the crust of the planet’ surface 
(Epitome, 937, KGW VII, 335-36). He no longer seemed concerned with 
the need to identify the threads with some observable property of the 
planet. Perhaps he was more confident in his hunches about the magnetic 
properties of planets.”* The archetypes did after all further support his 
mathematical measure of libration. The physical hunches on which his 
mathematical model was based were indirectly supported by increased 
trust in that model. This confidence suggests that Kepler believed attach- 
ing a mathematical model to an archetype would allow one to draw physi- 
cal conclusions from that mathematical model. 


Geometry and Harmony 
In the envoi to chapter 9, Kepler compared harmony and geometry in a 


manner strikingly unlike the Kepler so far encountered, so much so that I 
will quote the passage at length: 
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It was right that in the genesis of the distances the solid figures should give way 
to the harmonic arguments. . . . For where there is a choice between different things 
which do not allow each other to have sole possession, in that case the higher are to be 
preferred, and the lower must give way, as faras is necessary... . But harmonic decora- 
tion is as far above the simple geometrical as life is above the body, or form above 
matter. ... But the five solid figures, in virtue of the word itself, relate to the spaces of 
the regions, and to the number of them and of the bodies; but the harmonies to the 
motions. Again, as matter is diffuse and unlimited in itself, but form is limited, unified, 
and itself the boundary of matter; so also the number of geometrical proportions is in- 
finite, the harmonies are few. For although even among the geometrical proportions 
there are definite degrees of limitation and shape and restriction, and not more than 
three can be formed by the ascription of spheres to regular figures, yet even to these is 
attached an accidental property in common with all the rest, that is the presupposition of 
an infinite possible division of quantities. ... But the harmonic proportions are all ex- 
pressible, and the terms of all of them are commensurable. Also, they have been taken 
from a definite and limited class of plane figures. ... Therefore, as matter strives for 
form, as a rough stone, of the correct size indeed, strives for the Idea of the human form, 
so the geometrical proportions in the figures strive for harmonies. (HM, 488-89; KGW 
VI, 360-61; emphasis in original) 


Here it seems Kepler was ranking harmony above geometry, comparing 
the harmonic to form and the geometric to diffuse and unlimited matter. 
He went on to speak of his polyhedral hypothesis: 


Of course in this house of the cosmos I was looking for nothing but the stones—of more 
elegant form, but of a form appropriate to stones—not knowing that the Architect had 
shaped them into a fully detailed effigy of a living body. So little by little, especially in 
these last three years, I came to the harmonies, deserting the solid figures over fine 
details. (HM, 490; KGW VI, 361; emphasis in original) 


This seems a dramatic shift from the Mysterium and even books I to IV of 
the Harmonice where Kepler wrote that quantity is part of God’s essence, 
and that God had no other reason to create physical powers except to in- 
stantiate quantity (MC, 93-95, 123; KGW I, 23-24, 37-38; HM, 9, 139, 
295, 298-304; KGW VI, 9, 100, 215, 218-23). In addition, although 
Kepler equated quantity with form in the Mysterium and books I-IV of the 
Harmonice, he ceased to do so in book V. 

So Kepler’s astronomical discoveries influenced their metaphysical un- 
derpinnings. He needed to explain why the physical world did not conform 
to its geometrical pattern, since it seemed obvious that matter would con- 
form if able: 


The placing of the solid figures among the planetary spheres, if it is unrestricted, 
and not prevented by the necessities of preceding causes, ought in perfection to 
follow the analogy of the geometrical inscriptions and circumscriptions, and 
therefore the terms of the proportion of the inscribed spheres to the circum- 
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scribed spheres. For nothing is more fitting than that the physical inscription exactly 
represents the geometrical, as a printed work does its type. (HM, 480-481; KGW VI, 
354; emphasis in original) 


The nonuniform elliptical motion of Mars did more than lead Kepler to 
reject the circle as the basis for planetary models. It also Jed him eventually 
to reject pure geometry as the determinant of material form. When writing 
the Astronomia, he had not yet reached this conclusion. Recall rejection of 
the first physically defined ovoid model of chapter 45 on the grounds that 
it is not geometrically determinable: “This is not just a fault in our under- 
standing, but is utterly alien to the primeval ordainer of the planetary 
courses: we have hitherto found no anticipation of such lack of geometry 
in the rest of his works” (AN, 489; KGW III, 310). Yet in book V of the 
Harmonice, Kepler writes: 


Hence just as the bodies of animate beings have not been made, and a mass of 
stone is not usually made, according to the pure norm of some geometrical 
figure, but something is removed from the external round shape, however ele- 
gant (though the correct amount of bulk remains) so that the body can take on 
the organs necessary to life, and the stone the likeness of anyanimate being, 
similarly also the proportion which the solid figures were to prescribe for the 
planetary spheres, as lower, and having regard only to a body of a particular size 
and to matter, must have given way to the harmonies, as much as was necessary 
for the former to be able to stand close and to adorn the motions of the globes. 


(HM, 490; KGW VI, 362) 


‘Thus, in Kepler’s revised view, an acceptable model need not be geometri- 
cally determinable since the harmonic can interfere. 

One wonders whether it was easy for Kepler to revise his view of geom- 
etry. I suspect not. The distinction between concordant and discordant 
ratios is explained in book III by grounding concordances in geometry. 
Kepler had held this position for quite some time. In a letter to von Ho- 
henburg, Kepler argued that geometry is the foundation of the universe, 
and that corresponding to every geometrical relation there is an empirical 
relation and a musical consonance (January 1607; KGW XV, 392). I suspect 
that although Kepler felt he needed the somewhat messy harmonic-geo- 
metric archetypal model, he preferred purely geometrical archetypes. 

The new relationship between geometry and harmony influenced 
Kepler’s conception of the material world. Earlier, in the Mysterium, Kep- 
ler believed God could create matter to perfectly instantiate the arche- 
types. Because matter could conform to the archetypes, it did conform. God 
would not create anything otherwise: “For if they are knowable, then they 
can enter the Mind and into the shaping of the archetype; but if they are 
unknowable (in the sense which has been explained in Book I) then they 
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have remained outside the Mind of the eternal Craftsman” (HM, 139; 
KGW VI, 100-101). But later in the Harmonice Kepler spoke as though the 
material imposes limitations of its own. Matter could not conform to a 
pure geometrical archetypal model if it was to “take on the organs neces- 
sary to life” (HM, 490; KGW VI, 362). This statement has two possible 
implications, one ontological, the other epistemological. First, limitations 
imposed by the nature of matter imply that the divine blueprint is untidy, 
suggesting that the material determined, to some extent, the nature of the 
archetypes, whereas in Kepler’s earlier work, only the converse held. The 
second implication is more problematic. It could be the case that matter is 
sufficiently unruly as to block a complete and precise archetypal account. 
Now, the failure to conform to an archetype suggests either that the arche- 
type is interfered with by some other archetype, or that matter is refusing 
to behave itself. In Kepler’s earlier thought, because the material perfectly 
instantiates the formal, archetypes can be empirically tested and used as 
theoretical support for both physical and astronomical theories. Matter’s 
new unruliness makes it fail to instantiate the archetypes perfectly, further 
complicating the testing process. The deviation of observations from the- 
ory could be due to either the incorrectness of the theory, observational 
error, or matter’s unruliness. There is no longer as tight a fit between 
archetypal theories and data, or between physical and archetypal theories. 
As a result, Kepler's earlier position, that a properly established theory is 
more trustworthy than observations (MC, ch. 18), is no longer tenable. 

If I am right, Kepler would have found his new cosmological vision un- 
comfortable. The God he was communing with in studying nature turned 
out to be more limited, and less an aesthetician than he had believed when 
writing the Mysterium. While his exuberant boasts”’ can still be taken as 
sincerely expressing the belief that he had uncovered the divine blueprint, 
they cannot be so easily taken as sincerely expressing delight in this new- 
found universe. While accessing the divine blueprint was no mean feat, the 
consequences of this knowledge were problematic. Kepler’s belief that one 
could obtain exact knowledge of planetary motion and its causes was un- 
dercut, for as I have argued, precise archetypal-physical correspondence 
was the foundation of this belief, making it difficult to take his ecstatic 
assessments of the discovered harmonies at face value. Kepler’s “mind’s 
favorite child” (Caspar [1959] 1993, 288) was a rebellious one. 


7 


The Epitome astronomiae Copernicanae: 
Kepler’s Mature Physical Astronomy 


It has been ten years since I published my 
Commentaries on the Movements of the 
Planet Mars (Astronomia nova]. As only a few 
copies of the book were printed, and as it had 
so to speak hidden the teaching about celestial 
causes in thickets of calculations and the rest of 
the astronomical apparatus, and since the more 
delicate readers were frightened away by the 
price of the book too; it seemed to my friends 
that I should be doing right and fulfilling my 
responsibilities, if I should write an epitome, 
wherein a summary of both the physical and ‘ 
astronomical teaching concerning the heavens 
would be set forth in plain and simple speech. 
(Epitome, 845; KGW VII, 251)! 


‘Tue EPITOME ASTRONOMIAE COPERNICANAE, contains much of the material 
from Kepler's earlier works, yet stands out in two very important respects. 
First, it was written for a more general audience, and indeed it gained a 
relatively wide readership.’ Second, Kepler’s mature physics, metaphysics, 
and astronomy were presented together for the first time. As a result, it is 
an invaluable resource for exploring the evolution of Kepler’s thought, 
fleshing out his conception of the relationship between physics, metaphys- 
ics, and astronomy, and—since the Epitome was intended as a textbook— 
uncovering what Kepler believed he needed to do to promote his new 
astronomy. ý 

‘The Epitome comprises seven books.? Books I, IV, and V are of particu- 
lar interest here, for it is in these that methodological issues are addressed 
directly and the archetypes appear most frequently.* In book I, Kepler 
introduced the discipline of astronomy and the nature of its subject matter. 
He also defended the thesis that the Earth rotates. Book IV concerns the 
archetypal and physical structure of the universe, and book V the mathe- 
matical representation of that universe. 
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The Epitome provides evidence that Kepler still viewed physics, astron- 
omy, and metaphysics as parts of a comprehensive philosophical system, 
one that could overcome the conceptual difficulties in developing a physi- 
cal astronomy. As we have seen, however, Kepler’s philosophical system 
was starting to buckle under the strain of accommodating the complexity 
of the physical world. Consequently, we see two conflicting trends in the 
Epitome. The physical world conforms to the archetypal, and this assump- 
tion is used to support astronomical hypotheses, yet in some cases, owing 
to its nature, matter rebels against such conformity. My interest is in the 
evolution of Kepler’s thought, and so for contrastive purposes I concen- 
trate primarily on Kepler’s treatment of topics addressed earlier in the 
Mysterium and Astronomia. I do not, for example, discuss Kepler’s lunar 
theory, which is thoroughly examined by Stephenson (1987, 175-201). 

The structure of this chapter, then, mirrors the arc of my argument thus 
far. The first main theme is Kepler’s use of the archetypes, the second how 
the complexity of the physical world jeopardized Kepler’s world view. 

In book I, Kepler’s goal was to counter the Aristotelian contention that 
it is in the Earth’s nature to remain stationary. Fighting fire with fire, he 
argued that on the most natural conception, the Earth rotates on its axis in 
addition to moving around the sun. To defend this, he needed to clear up 
some misconceptions on the nature of astronomy and on the proper treat- 
ment of observations. 

Book IV, on the physical and archetypal causes of the universe, is di- 
vided into three main sections. In part I the archetypal system is presented 
as unproblematic and is recapitulated from the Mysterium with one notable 
difference in emphasis. In the Mysterium, Kepler’s physical intuitions were 
nascent. His primary goal was to argue for the aesthetic advantage of the 
Copernican model over the Ptolemaic. Here, Kepler’s goal was more com- 
plex. In addition to metaphysically justifying the Copernican system, he 
aimed to present his celestial physics as a natural consequence of his cos- 
mology. That Kepler kept his physics in mind is particularly obvious when 
he added to the Trinity and polyhedral archetypes an archetypal determi- 
nation of planetary densities, which he later used in a derivation of the 
harmonic law. What I find particularly interesting about part I is that, be- 
cause it is clearly designed to gain converts from a general audience, 
Kepler believed that his physics would be more readily accepted if it fol- 
lowed naturally from the archetypes. 

Parts II and III concern Kepler’s celestial physics, including material 
from the Astronomia. There are significant differences between the two 
presentations, however. In the Astronomia, Kepler frequently used the no- 
tion of mind as cause to explore the properties of a causal system. In 
the Epitome he ruled out this method by arguing that minds as causes 
would produce different kinds of effects than material causes (the pattern 
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produced by a mind would be more elegant). This argument is, I suggest, 
in part a response to difficulties in maintaining a correspondence between 
the rational and the material. Another of Kepler’s means for dealing with 
this was to suggest that, whercas isolated causes would produce archetyp- 
ally significant relations, compound causes might not. Thus, the failure of 
a physical system to live up to its archetype actually provides information 
about the complexity of the causal structure. 

The subject of book V is the derivation of mathematical astronomy from 
the physics of book IV. My focus here will be Kepler's libration theory. 
Once again he encountered difficulties in making the mathematical and 
physical theories consistent. Although his preference was to ground quan- 
titative theories in qualitative ones (a requirement he developed in the Apo- 
logia), this problem spurred him in a very useful direction. He finally devel- 
oped an explicit account of how it is that a mathematical model can repre- 
sent a physical system. 

Evident throughout the different discussions of books I, TV, and V is the 
influence of the archetypes on Kepler’s construction and defense of his 
astronomy. Archetypal reasoning, in varicus forms, played a systematic se- 
ries of roles in Kepler’s physical and methodological thought, especially in 
the methodological changes motivated by the difficulties arising from the 
Harmonice. 


The Nature of Astronomy and Observation 


Because the Epitome was intended as an introductory text, it is natural for 
it to open with general questions about the subject matter, the very first of 
which is “What is Astronomy?” This seemingly innocuous opening is 
really quite loaded, as Kepler’s answer was atypical for its time. He con- 
ceived astronomy to be the study of both the heavens as seen from a mov- 
ing Farth and the causes of these appearances. Thus it involves recording 
the appearances as they occur, and constructing models that predict and 
retrodict them (KGW VII, 23). He also argued that astronomy requires 
linked knowledge from other disciplines, including physics, geography, 
history of celestial motion, meteorology, optics, mathematics, and the 
study of instruments. 

Having advocated an interdisciplinary approach, Kepler then addressed 
how the various relevant disciplines relate to each other. He reemphasized 
the need both to ground astronomy in physics and metaphysics, and to 
avoid extradisciplinary use of that which pertains to a discipline considered 
individually (KGW VII, 25). This discussion indicates Kepler’s deep con- 
cern to legitimate his particular mixing of disciplines. As discussed carlier, 
Kepler took seriously Aristotle’s strictures on interdisciplinary work. No- 
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tice that some of the disciplines listed, like optics and the construction of 
astronomical instruments, were already considered obvious necessary aux- 
iliaries to astronomy. I suspect that Kepler’s purpose was to suggest subtly 
that astronomy was never rightly considered an isolated discipline. The 
right approach, then, is to delineate the relationships between the relevant 
disciplines, rather than to try fruitlessly to keep astronomy isolated. 

After claiming that knowledge of physics and metaphysics is necessary 
for studying astronomy, Kepler argued that his interdisciplinary approach 
would alter (correctly) the interpretation of observations. In the dedicatory 
letter for the first three books of the Epitome, Kepler announced his goal to 
filter out prejudices against “the most important and dignified hypothesis 
[that the Earth rotates]” (KGW VII, 8), prejudices arising from facile inter- 
pretation of observations. The inference from the apparent motion of the 
heavens around the Earth to the conclusion that the Earth is the central 
stationary body would fail if properly processed by reasoning about physi- 
cal and metaphysical causes. The inference that there are only two princi- 
ple parts of the universe (heaven and Earth) likewise arises from the failure 
to process these observations properly (KGW VII, 26-28). Causal reason- 
ing (in the metaphysical sense) reveals that the universe has three principle 
parts, without which it could not represent the Trinity. 

Proper reasoning should lead us to the conclusion that, despite the ap- 
parent rotation of the stellar sphere, it is rather the Earth that rotates on its 
axis. For one thing, although Aristotle claimed the nature of spherical ob- 
jects is to rotate, the cause of this rotation is not clear. In the case of the 
stellar sphere, the cause cannot be the motive force from the sun, because 
the stellar sphere appears to be moving too fast. Moreover, Kepler main- 
tained, there are many reasons to suppose that the body of the Earth is well 
suited for rotation on its axis. For one thing, its body is much like that of 
an animal, producing heat, water, minerals, and so on. As an animal’s body 
is well suited to motion, so too then is that of the Earth. 

In addition, inspired by William Gilbert, Kepler argued that the Earth 
has magnetic fibers running parallel to the equator. Together, the direc- 
tion and magnetic nature of the fibers makes them suitable for producing 
diurnal rotation. On the animal analogy again, Kepler reasoned that the 
Earth may well have a soul that uses the magnetic fibers to produce regular 
diurnal motion. No such analysis of the cause of the rotation of the stellar 
sphere is available. Thus filtering the appearances through causal reason- 
ing reveals different causes than the appearances themselves suggest (KGW 
VII, bk. I, pt. V). 

Kepler went to great lengths to show how his system implies the appro- 
priate observations. Because the observations alone do not decide between 
a rotating Earth and a rotating stellar sphere, however, Kepler needed 
some such metaphysical and physical considerations as those just described 
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to make his case. This requirement was not inappropriate. After all, stan- 
dard arguments against the axial rotation of the Earth appealed to meta- 
physical and physical premises. 

One also sees the use of archetypal reasoning in Kepler’s argument that 
the universe is finite rather than infinite. The basic argument is as follows. 
If the universe were infinite, then the stars would have to be uniformly 
distributed, because it is impossible to impose any other geometrical order 
on infinite space. This distribution entails an appearance, however, that we 
do not observe. If the stars were evenly distributed, we would observe only 
a few, evenly spaced out, nearby (Kepler claimed there would be no more 
than twelve of the closest group of stars in order for them to be both evenly 
spaced from the Earth as well as from each other). The next group would 
be twice as distant, the next three times as distant, and so on. Because of the 
quickly increasing distances of successive groups, only a few of the groups 
would be visible. Instead, what we see is a great number of stars, and so the 
distribution of stars cannot be infinite (KGW VII, 42-46). Clearly, without 
the use of archetypal reasoning, Kepler would have been unable to gener- 


ate predictions from the hypothesis of an infinite universe.” 


Archetypes as a Prerequisite for Physics 


Prior to his “war on Mars,” Kepler had an archetypal justification for every 
feature of his then undeveloped astronomy (i.e., the Copernican order of 
planets, and the use of the true sun). Kepler’s war resulted in nonuniform 
elliptical orbits which, prior to writing the Harmonice, had no archetypal 
justification. As argued earlier, Kepler believed that a complete, fully sup- 
ported description of nature would include archetypal explanations, and 
the Harmonice was an attempt to fill in this lacuna vis-a-vis the nonuniform 
ellipse. In the introduction to book IV of the Epitome, Kepler alluded to 
the need for precisely this sort of justification: “But if, however, even this 
inquiry [into the harmonics] is accused of being esoteric: I indeed confess 
that the head of astronomy is struck off” (Epitome, 850; KGW VII, 255). 
Kepler went on to say that astronomy could function “without a head” so 
long as one is only interested in predictions. If one is interested in the true 
nature of the heavens, then investigation of the archetypes is required. 
The preceding quotation makes it clear that Kepler viewed archetypal 
thinking as critical to a realist physical astronomy. Just what he conceived 
that critical role to be is not obvious, and so we need to take a closer look 
at book IV of the Epitome. Although Kepler continued to use the arche- 
types for metaphysical and epistemological purposes, in certain respects 
their role was markedly different from what it had been in previous works. 
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Book IV and the Archetypes 


The title page of book IV announces an explanation of the archetypal and 
physical causes of the magnitudes, proportions, and motions of celestial 
bodies. There are three sections, providing explanations of, in turn, the 
causes of the configuration of the universe, the primary causes of plan- 
etary motion, and the causes of the irregular planetary motions. The ar- 
chetypes, though present throughout, do not play the same role in all three 
etiologies. 


Part I 


Kepler intended part I to win converts to his version of the Copernican 
system. He tried first to persuade the reader that, despite displacing us 
from the center of the universe, the Copernican system was created to 
benefit humanity. He then laid the groundwork for the celestial physics 
presented in parts II and III. 

‘To accomplish this, Kepler turned the aesthetic disadvantage of the 
Copernican system into an anthropocentric advantage. The system re- 
quires irregular spacing of planetary orbits, and although this may disturb 
the mind, the disturbance is more than outweighed by consequent bene- 
fits: “And so this lay-out of his [Copernicus’s] urges the speculative mind 
to spurn matter and the contiguity of spheres and to look towards the 
investigation of the formal lay-out or archetype, with reference to which 
the intervals were made” (Epitome, 861-62; KGW VII, 265). Despite the 
prima facie appeal of regular spacing, the irregular spacing spurs the mind 
to consider higher ordering principles. Thus in this among other respects, 
the Copernican arrangement is of greater benefit than the Ptolemaic. In a 
similar vein, Kepler claimed that eclipses were created to inform us of 
celestial phenomena (Epitome, 876; KGW VII, 279-80). 

In addition to the foregoing arguments, Kepler recapitulated archetypal 
considerations from the Mysterium, in particular the Trinity and polyhe- 
dral archetypes. Here we get the clearest sense of how these archetypes are 
part of Kepler’s physics. His purpose was to determine archetypally the 
topological features of the universe and to set the stage for showing that 
the archetypes are consonant with, and indeed necessary for, physical rea- 
soning. To put the point another way, the general argument in book IV is 
that in conjunction with ordinary physical causes the archetypal will pro- 
duce an empirically adequate model of the world. Part I addresses the 
world’s archetypal structure. 
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One significant difference between the discussion here and that in the 
Mysterium is that here the physical arguments to come were already clear 
in Kepler’s mind. For example, in his discussion of the Trinity, Kepler 
stated much more clearly that the sun in representing God was well suited 
to producing motion. To show that the sun is analogous to God, he com- 
pared the sun’s faculties with those of the soul. “The perfection of the 
world consists in light, heat, movement, and the harmony of movements. 
These are analogous to the faculties of the soul: light, to the sensitive; heat, 
to the vital and the natural; movement, to the animal; harmony, to the 
rational” (Epitome, 854; KGW VII, 259). The argument is that because 
every perfection of the world is in the sun, and these perfections are analo- 
gous to the soul, the sun is the appropriate body to represent God the 
father in the Trinity. Kepler continued with arguments that as producer of 
light, heat, movement, and harmony of movement, the sun ought to oc- 
cupy a central position, such a position being dignified, such powers being 
evenly distributable, and so on. 

Notice that the analogy here is not just between God as primary mover 
and the sun as primary mover, but also between sun as mover and soul as 
movers of physical bodies. The concept of God as primary mover is ab- 
stract and metaphysical, as far removed as one could want from common- 
sense physical causes. An animating soul, however, is a far more ordinary 
kind of cause, one that we seem, if we are dualists, to experience every day. 
Kepler was working to bring the notion of sun as cause out of the realm of 
the extraordinary into the realm of ordinary, natural causes. 

In section IV of part I, Kepler offered a demonstration of the relative 
sizes of the Earth, sun, and moon. Although Kepler’s purpose was to detail 
the structure of the world as God created it, his determination also had 
practical applications (computing eclipses, for instance). This sort of infor- 
mation cannot be computed securely from observations because the possi- 
bility of error is too great. Thus Kepler turned to archetypal reasoning. 
Although the sun may be the site for setting up ratios of the harmonies, the 
first step in determining the ratios should be on the basis of how things 
appear from the Earth since the Earth is not only home for the “measuring 
creature” but is the middle body between the sun and Saturn. Because light 
is first in the order of creation, and the sun‘the principle body, the first 
body to consider is the sun’s. 

Observations both ancient and modern up to Kepler’s time indicated 
that when the sun is furthest from the Earth, it appears as '/720 of a circle, 
or 2°, with a radius of 14°. To ensure the correctness of this measurement, 
Kepler justified it archetypally. Recall that harmonic intervals can be rep- 
resented as ratios of the length of a monochord’s string. Kepler argued that 
720 is the smallest number of parts into which the length can be divided 
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such that every interval in both major and minor modes can be represented 
by a whole number. (For example, by placing the division at unit 540 of a 
string divided into 720 units, one would get the interval of a fourth, 4:3.) 
This reason explains the archetypal nature of the number 720. Kepler 
would have preferred a geometri¢al rather than harmonical explanation, 
but there was no geometrical way to divide a circle into 720 parts (Epitome, 
874; KGW VII, 277). 

From this supposition Kepler determined that the greatest distance be- 
tween Earth and sun dy is just over 229 radii of the sun. That is, where dye 
is the distance to the sun, and the radius of the sun 7, is 4°: 


da e— = = 970.18 166%. 
tan'4° 


Because the Earth is the home of the “measuring creature,” it should be 
the standard of measurement. In other words, the ratios of volumes of 
bodies should be set to its body, the ratios of distances to its radius. It is 
appropriate for archetypal reasons that the ratio of the Earth’s body to the 
sun’s is equal to the ratio of the Earth’s radius to its distance from the sun. 
This equivalence allowed Kepler to derive proportions of the Earth. If the 
radius of the sun y, is 100,000, then the distance to the sun d,, will be 
22,918,166. Because the volumes of the bodies are as the cubes of their 
radii, and the ratio of the body of the Earth 7? is to the body of the sun 73 
as the ratio of the radius of the Earth r, is to the distance to the sun dye: 


Fe Fe 
r3 dye 
To get the Earth’s radius: 
TA 
=r, 
dye 


Because 7, is 100,000 and d; is 22,918,166, r, will be approximately 6,606. 
Because 3,469%r, = 22,918,166, then 3,469157} = 7}. Therefore, the body 
of the sun is approximately 3,469 times larger than that of Earth. 

The ratios of bodies and distances, though determined archetypally, had 
observational consequences. As Kepler pointed out, by setting the distance 
at approximately 1,200 times the radius of the Earth, the ancients set the 
parallax to 3’. In reasoning that Mars was closer than the sun and would 
therefore have a parallax of greater than 3’, Brahe was unable to determine 
the parallax of Mars at all (Gingerich and Voelkel 1998). Therefore, 
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Kepler argued, on the archetypally justified assumption that the diame- 
ter of Mars is not smaller than that of Earth, Mars is further away than 
1,200 r,. The sun, consequently, is further away still. 

The large sun-Earth distance and consequent large sun radius also befit 
the Trinity analogy. Kepler argued that an implication of the Trinity anal- 
ogy is that the size of the sun is greater than all the planets put together 
(Epitome, 876; KGW VII, 279). He observed that this implication is appro- 
priate because the sun moves all the planets. He did not, at this point, 
discuss why the sun would need to be larger to move the other bodies, but 
once again, though he did not offer any physical arguments, he was think- 
ing physically. His point was that an archetypally appropriate universe is 
also physically appropriate. 

Kepler used the same approach in determining the relative size of the 
moon. The visible diameter of the moon at its greatest distance from the 
Earth is also '/720 of the circle for two reasons. First, the number itself is 
special, as already argued. Second, the moon was created just the right size 
to block out the sun exactly during an eclipse, an indication of God’s de- 
sign to teach us of the universe (figure 7.1). 

As with the sun, it is appropriate for archetypal reasons that the ratios 
between the body of Earth and that of the moon be equal to the ratio 
between the distance to the moon and the radius of the Earth. Once again, 
the distance is approximately 229r,,. So if the radius of the moon is set to 
100,000, then dme is 22,918,166. By the above ratios: 
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Because r» is 100,000, and d,,, is 22,918,166, then r, will be 389,085. Be- 
cause just less than 597, = 22,918,166, slightly less than 59dm = 7,. This 
result was observationally significant because Brahe had calculated the 
greatest distance to the moon to be between 59 and 607,. 

Kepler also got an archetypally significant result in that it could be dem- 
onstrated that the distance from the Earth to the moon is a mean propor- 
tion of the distance from the Earth to the sun and the radius of the Earth: 
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Figure 7.1. Determining the Proportions 
of the Sun, Moon, and Earth 


The determination of the other planetary bodies, however, follows a 
somewhat different procedure. It is still the case that for archetypal rea- 
sons, the order of magnitudes of the bodies follows the order of magni- 
tudes of the radii of the orbits. There are three ways in which this can be 
construed. 

The first is to hold the diameter of the bodies proportional to the dis- 
tances. So, because Saturn is approximately 10 times further than the Earth 
from the sun, the diameter of Saturn is approximately 10 times that of the 
Earth. Thus the surface area of Saturn is approximately 100 times that of 
the Earth, and the volume of Saturn is approximately 1,000 times that of 
the Earth. Kepler rejected this possibility immediately on both archetypal 
and empirical grounds. 

The second way of construing the order of magnitudes relation is to 
hold the surface areas proportional to the distances. If so construed, the 
surface of Saturn is approximately 10 times that of the Earth, and its vol- 
ume approximately 30 times. This calculation puts the ratio of volumes at 
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3⁄2 the power of the distances. This is Kepler’s preferred construal, pre- 
sumably because it allows a straightforward derivation of the third law 
from the archetypal assignment of the ratios. He nonetheless rejected this 
construal, because observations did not support it. 

The third way is to hold the volume of Saturn proportional to the dis- 
tances, which sets it at approximately 10 times that of the Earth. Kepler 
then argued that the ratio of 3/2 powers of the distances will be maintained 
in the body of the planets. Presumably this means that the density of mat- 
ter contained in the body is responsible for retaining the */: proportions. 

That Kepler’s archetypal arguments were motivated by physical consid- 
erations is most evident in his archetypal determination of planetary densi- 
ties. He had to determine the relative densities archetypally, for he could 
determine them neither by observation nor by inference from some physi- 
cal theory. Yet nothing in his archetypal determination of densities is as 
aesthetically interesting as the polyhedral model. The principles by which 
he computed the densities are as follows. 

First, by archetypal reasoning, when there are a number of bodies, they 
must differ in both amount of matter contained and the ratio of matter 
contained to body size. This reasoning is an extension of the principle of 
variety introduced in the Harmonice. Kepler said little here to justify this 
requirement, although, as in the Harmonice, he admitted that empirical 
adequacy (in this case, the third law) is a primary reason for holding this 
requirement. 

‘The second principle is that the closer a body is to the sun, the denser 
it must be. His argument for this principle verges on the physical: “For the 
sun itself is the most dense of all bodies in the world, and its immense and 
manifold force, which could not exist without a proportionate subject, 
bears witness to this thing” (Epitome, 880; KGW VII, 283). This argument, 
though it verges on the physical, is metaphysical in nature. The claim is 
that there must be a relation of appropriateness between a cause and its 
subject. Kepler demurred from discussing the physical consequences of the 
situation being otherwise. For cxample, he did not comment on how 
slowly the most distant planet—Saturn—would move if it were extremely 
dense. 

Kepler's third principle is simply that in order to get right the propor- 
tions between the bodies and the distances, the density should be fixed in 
the following way: 


{I]t happens that the ratio of the amount of matter and the ratio of the density are 
both the ratio of the square roots of the intervals from the sun, and that thus the 
amount of matter and the density participate equally but inversely in that ratio: 
hence the amount of matter is greater, hence the density of the same great body 
is less: and that is the best mean [mediatio] of all. (Epitome, 881; KGW VII, 284) 
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TABLE 7.1 
Planetary Densities 


Saturn 324 Hardest precious stones 
Jupiter 438, Loadstone 

Mars 810 Iron 

Earth 1000 Silver 

Venus 1175 Lead 


Mercury 1605 Quicksilver 


So that we may reserve gold—whose density in this proportion is 
1,800 or 1,900 for the sun (Epitome, 882; KGW VII, 284) 


Kepler needed to specify a relationship between distances and bodies that 
is related to the third law, and he needed a means of doing so that, though 
not supported by observation, has not been ruled out by observations. But 
Kepler had another archetypal argument up his sleeve. If we take the den- 
sities thus obtained, and find the mean proportional between the mean 
distances to the sun, then find the least-common number, we get the fol- 
lowing numbers. These numbers yield a correspondence between vari- 
ous materials and the planets as displayed in the table Kepler drew up 
(table 7.1). 

Kepler did not explain the significance of this table, although the reser- 
vation of gold for the sun is clearly of archetypal significance. This corre- 
spondence is not nearly so interesting as his determinations of the ratios of 
the Earth, sun, and moon, and certainly not as aesthetically pleasing as his 
polyhedral archetype. Notice the difference between the discussion here 
and that of the polyhedra. Where Kepler dwelled at length on the aesthetic 
qualities of the polyhedra, here he quickly moved on as though leaving the 
scene of an accident. His purpose here was not to delight the reader with 
some beautiful mystery he thought he had uncovered. Instead, he was set- 
ting the stage for showing that the planet’s natural inertia (by this Kepler 
meant resistance to motion) in conjunction with the force of the sun would 
produce the periods required by the third law. Notice, however, that 
Kepler was not yet showing how the third law follows from the sun’s force 
in conjunction with distances, lengths of orbits, and densities. Rather, he 
was still stage setting, arranging the archetypes so that the forthcoming 
physical arguments would follow as natural consequences. 

Kepler moved on to determine the ratios between the three principle 
parts of the world as set by the Trinity archetype. In book I he argued on 
a number of grounds that the region of the stars could not be of infinite 
size. In the same way that the sphere of the moon is a mean proportional 
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between the distance to the sun and the Earth’s radius, he argued that the 
region of movable bodies (the mean distance of the sun to Saturn) should 
be the mean proportional between the distance from the sun to the fixed 
stars and the radius of the sun. This result is consonant with the world’s 
three principle parts, as well as the types of motion in the universe. The 
sun is the primary mover, the movable bodies struggle against it, and the 
fixed stars surround the struggle, not moving at all. From this conception 
it is also appropriate that the movable bodies be seen as a mean propor- 
tional between the body that is the source of motion, and the motionless 
bodies that situate it. Because from the vantage point of the Earth the sun 
has distance d,, = 229r, and from the vantage point of the sun the distance 
d, is approximately half the distance from sun to Saturn, the distance to 
Saturn is approximately 10 times the radius of the sun, or about 2,000. 
Therefore, the sun-stars distance is about 2,000 times the distance to Sat- 
urn, or 4,000,0007,, which is 60,000,000r7,. The ancients set this distance to 
20,000r,, but Kepler argued that his result is not in conflict with Brahe’s 
observations. 

Kepler was aware that the Copernican size of the universe was conten- 
tious, and argued that it is at least less unbelievable than that the sphere of 
the stars as set by the ancients could rotate as fast as it would need to in 
order to produce the apparent diurnal motion. 

Once the stars are placed so far away, the question arises as to whether 
any of them are as great in size or luminosity as the sun. Clearly Kepler 
needed a negative answer to this question, because his archetypal vision 
required a unique sun. He argued that from the vantage point of the stars, 
the sun would still appear greater than any of the stars do from the vantage 
point of the sun. Moreover, he added, the stars appear larger than they are 
because of the diffusion of light. 

This argument illustrates how Kepler used archetypal reasoning to ac- 
cess information that, given the limits on measurement precision at the 
time, could not be determined empirically either well or, in the case of 
planetary densities, at all. Lest we be distracted by the apparent strangeness 
of this kind of argument, or the ad hoc determination of densities, I should 
emphasize that this way of addressing empirically closed problems was re- 
ally very clever, and the results did not conflict with the empirical evidence 
then available. 

Although Kepler was clearly thinking in physical terms at this point, it 
is suggestive that he presented his archetypal arguments before the physi- 
cal arguments of parts JI and III. The Epitome was, after all, intended to 
bring the message of the new physical astronomy to a wide audience. Kep- 
ler seems to have thought that his physical arguments would be more per- 
suasive if suggested in advance by an archetypal vision. 
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Part II 


Parts II concerns the primary causes of planetary motion, by which Kepler 
meant the causes of annual and dfurnal rotations (he addressed the cause of 
libration in part IIT). To defend the Copernican system, he needed to ren- 
der physically plausible that the sun is the central body and the primary 
cause of the planetary motion, and that it is the Earth that rotates rather 
than the fixed stars. Although here it is mostly in occasional allusions that 
the archetypes make an explicit appearance, archetypal reasoning is still fea- 
tured. Such reasoning plays three roles: to stand in for absent or unsatisfac- 
tory physical arguments, to link unfamiliar phenomena with the familiar, 
and to further support Kepler's overall world system. 

Kepler’s arguments that the sun is the primary cause of motion appeal to 
the second and third laws, the sun’s beauty and general fitness for that role, 
and the fact that it rotates in the right direction (Epitome, 895; KGW VII, 
298). In part I he argued that the sun is archetypally fit to be the central 
body. The argument here is that it is physically fit to be the primary cause. 
This mirrors the division of topics between the Mysterium, which ad- 
dresses the topics of part I, and the Astronomia, which addresses those of 
part IT. Despite the division of topics, the archetypal argument from beauty 
and fitness appears both here and in the Astronomia. 

Kepler took a buckshot approach to supporting the claim that the sun is 
the central body of all planetary orbits, including the Earth’s. He finally at- 
tacked Brahe’s system directly, citing eighteen reasons to reject it. These in- 
clude methodological considerations (e.g., simplicity), the archetypes (e.g., 
polyhedra), metaphysical considerations (e.g., because motion begins from 
the sun, the sun itself must be still, much like Aristotle’s unmoved mover), 
and anthropocentric concerns (that it is to our benefit to be on a moving 
observatory) (Epitome, 908-16; KGW VII, 309-16). It is pretty clear from 
these sections that Kepler considered archetypal evidence as relevant. 

Nonetheless, Kepler's buckshot approach tells us little about the con- 
nection as he saw it between the archetypes and physics. He may have 
wanted to persuade readers by sheer mass and varicty. Perhaps too he 
wanted to maximize the chances that a reader would find at least some of 
the reasons acceptable. Of more interest is Kepler’s strategy when he 
found his physical arguments unsatisfactory or altogether absent. It is clear 
that he viewed archetypal reasoning as an appropriate substitute in these 
cases. What justifies this view is an assumption of correspondence between 
the archetypal and the physical. 

In the section on why it is the Earth that rotates and not the fixed stars, 
Kepler offered two brief arguments (having addressed the issue already in 
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book I). First, the sphere of the stars would have to rotate unbelievably fast 
(Epitome, 887; KGW VII, 290-91). This argument is based on physical 
intuitions, and although Kepler was not completely satisfied with it, he did 
not say why. He offered a second, archetypal argument instead to the effect 
that it is not clear for whose good the stars would rotate. That it would 
benefit no one “destroys completely every movement of the sphere of the 
fixed stars” (Epitome, 888; KGW VII, 291). 

The archetypes are especially important in cases where Kepler lacked a 
qualitative story, as in his discussion of how the sun rotates on its axis. He 
argued that there must be a soul in the sun to keep it rotating. This conclu- 
sion is consonant with the sun giving off light and heat, both of which are 
“akin to the soul” (Epitome, 896; KGW VII, 299). There is no talk of qual- 
itative causes, only of the appropriateness of the soul to the body of the 
sun. Mark that Kepler distinguished between mind and soul, arguing that 
no mind is needed to produce the rotation. By this he meant that no intel- 
lectual faculty is required, only a living one (Epitome, 897; KGW VII, 299). 
This argument is clearly archetypal rather than physical.’ 

Kepler’s archetypal reasoning plays an even more critical role in his 
physics by establishing links between different domains of phenomena. 
Kepler needed the link between the celestial and the terrestrial to support 
his argument that the primary motive force emanating from the sun is 
magnetic. His discussion of the nature of the sun’s magnetic force and its 
properties echoes that in the Astronomia. Magnetic force, like light and 
heat, is a body’s immaterial form, partaking of quantity, and thinning out 
over space. Here, however, the epistemological force of analogy is made 
more explicit. While the motive force is analogous to light and heat, the 
analogy can be used to demonstrate further properties of this force: 


These properties of light have been demonstrated in optics. The same things are 
proved by analogy concerning the motor power of the sun, keeping the differ- 
ence between the works of illumination and movement and between the objects 
of each. And these same things are found to be consonant with astronomical 
experiments. (Epitome, 903; KGW VII, 305)® 


This claim works on the assumption of structural correspondence between 
objects in one discipline and those in another. And this assumption rests on 
Kepler's belief that the world was created to mirror certain aesthetically 
pleasing ideas in God’s mind. Moreover, the successful use of analogy is 
evidence that the relation found is one of those sufficiently pleasing for 
God to have replicated it. 

The analogy released Kepler from the need to explain how the sun 
moves the planets. His explanation was simply a reduction to the fact that 
a magnet can also perform this function. We see nothing like Descartes’s 
mechanical explanation of magnetic forces in the Principles of Philosophy. 
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‘There is no attempt to explain how a magnet performs this function. The 
fact that it does suffices. This approach is echoed in Kepler’s later argu- 
ment that the reason distant causes are not difficult to understand is that we 
have ordinary examples of such phenomena (Epitome, 904-5; KGW VIL, 
306). : 

One striking feature about the orbits is that, despite being produced by 
magnetic forces, the periods are regular. Indeed, this kind of celestial phe- 
nomenon inspires one to think of regulation by planetary minds. Kepler 
needed to show that the regular periods we observe could be produced by 
magnetic forces. Kepler’s ideal universe was one that, once archetypally 
structured, could maintain this structure by material necessity alone. 

He first addressed the issue qualitatively. The periods of the planets are 
not equal to the axial rotation of the sun because the magnetic force inter- 
acts with the planet’s inertia and is spread out over the distance between 
the planet and the sun (Epitome, 899-900; KGW VII, 301-2). Because the 
magnetic force and planetary inertia are constant, the periodic times are 
constant, and so no mind is required to maintain the regularity (Epitome, 
900; KGW VIL, 302). 

‘The next step was to address why the square of the periods is propor- 
tional to the cube of the mean distances. He identified four causes that 
intermingle to produce the periodic times: the length of the route tra- 
versed by the planet; the amount of matter in the planetary body (what we 
would call mass); the strength of the motive force, which attenuates with 
distance; and the amount of space the planet takes up, since a larger body 
will be in contact with a greater amount of the sun’s motive force. (In 
figure 7.2 body CA is the same size as FD, but CA is twice as close and 
hence is in contact with twice the motive force. The same can be achieved 
by putting these bodies at equal distances, but decreasing the size of FD so 
that it is still only in contact with the motive force in area DSE.) 

Earlier, in setting the densities, Kepler argued that the amount of space 
a body takes up is in direct proportion to the distances. He argued that 
because of this, the two factors balance each other out, and we need only 
consider the amount of matter in the body, and the length of the route 
traversed. The length of the route varies in direct proportion to the dis- 
tance. The amount of matter is determined to be 2 power of the distances, 
since the volumes are directly proportional to the distances and the densi- 
ties are 2 powers of the distances. Because the inertial resistance is propor- 
tional to the amount of matter, the simple ratios of the distances plus the 
ratio of the '2 powers yields the */2 powers of the distances, which in turn 
yields the proper periodic times. 

Neither physical theory nor observations laid much by way of con- 
straints here. Even though Kepler claimed to have determined the plane- 
tary densities through archetypal arguments, these we have seen were 
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Figure 7.2. The Surface Area of the Planet and the Sun’s Motive Force 


unpersuasive. Kepler had neither a good physical nor a good archetypal 
argument to the densities of the planets. He had little to support his claim 
that physics could show why the third law holds. Instead he had the empir- 
ical claim that the third law does hold, and a story about why this might be. 
He had no persuasive independent reasons for setting the densities as he 
did. This underscores the point made by Gingerich (1975a, 600) and 
Stephenson (1987, 144) that, although the harmonic relation may be a law 
insofar as it was created by God, it does not support counterfactuals. In 
other words, because it does not follow from other physical principles, it 
holds only contingently for the six planets as they were created.” 

Until now I have only alluded to Kepler’s difficulty in preserving corre- 
spondence between the archetypal and the physical. As I have argued, a 
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number of arguments in part II rely on this correspondence. Yet mixed in 
with these arguments already are telling signs of the tension. Just before 
introducing the section on the sun as magnetic cause of planetary motion, 
Kepler argued that we can distinguish motion produced by a mind from 
motion produced by a physical cause. If the motion is caused by a mind, it 
will produce the most aesthetically pleasing shape, whereas a physical cause 
need not. With regards to planetary orbits, a mind would produce regular 
circular motion, and so nonuniform elliptical motion “smell{s] of the na- 
ture of the balance or of material necessity” (Epitome, 893; KGW VII, 295). 

This idea, that one can distinguish mental from material causation by 
the kind of effect produced, is new. In the Astronomia, the notion of mind 
as cause went proxy for physical theory. Nonetheless, he looked for ways 
to show how the mind could produce the cause (recall Kepler’s discussion 
of how a mind could use changes in the sun’s apparent diameter to deter- 
mine libration). One finds no arguments in the Astronomia that planetary 
motion, given its nature, cannot be produced by a mind. Kepler’s new idea 
was a means of determining where to look, or better, where not to look, in 
developing a causal theory. 

As creative as this move is, and as laudable for prescinding from mental 
explanations of physical systems, it undercuts Kepler’s general program. 
By divorcing the rational from the material in this way, he allowed a failure 
of correspondence between the physical and the archetypal. This problem 
occurs again in part HI. 

Further difficulties emerge in Kepler’s discussion of the Earth’s diurnal 
motion. He argued that 360 is the archetypal! number of the revolutions of 
Earth, since 360 is the significant number closest to the actual number of 
revolutions. The discrepancy between the archetypal and actual numbers 
he took as evidence of two distinct causes at work: “For (1) if the number 
365% were not composed of the two effects of two distinct causes, there 
would be no reason why it is not one of the archetypal numbers, that is, one 
of the round numbers rather than one of the disjointed and ignoble frac- 
tions” (Epitome, 916-17; KGW VII, 317). 

We see a similar sort of reasoning with regards to the moon. Kepler 
argued that since the archetypal number of Earthly rotations a year is 360, 
which can be decomposed into 12 and 30, then the moon’s archetypal 
number should fall between 12 and 30. He considered other ways of de- 
composing 360, but considered this the most excellent, “both geometri- 
cally... and harmonically, because all harmonies are represented by these 
two divisions of the string. Then of the numbers which, when multiplied 
together, give 360, there are none more beautiful” (Epitome, 926; KGW 
VII, 325). Kepler considered 12 the more appropriate of the two because 
“it would not have been of the same beauty, if there had been thirty months 
in the year, and each month had been of twelve days” (Epitome, 927, KGW 
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VII, 325). In the same way that the Earth does not respect its archetype, 
neither does the moon. From this Kepler concluded that, “[mJeanwhile it 
has been proved exactly enough in both ways [from physics and the arche- 
types] that this straying from the whole and beautiful numbers is due to the 
concurrence of the causes of the lunar movement” (Epitome, 928; KGW 
VII, 326). 

Notice that while simple physical causes still mirror the archetypes, the 
actual world, as a result of the complexity of physical causes, does not. We 
can still infer physical causes provided the archetypes fit the data, but we 
have no guarantee that a physical pattern will be archetypal because it may 
be the product of two physical causes. This approach constitutes a new 
conception of what it is for the world to be in architectonic harmony with 
the divine blueprint. This new conception has epistemological conse- 
quences. Recall that Kepler rejected the first noncircular orbit in chap- 
ter 45 of the Astronomia on the basis that it is nonarchetypal. Now his claim 
that it can be rejected on a priori grounds no longer holds. 

Kepler’s methodological responses to these problems were quite inge- 
nious. He tried to make an unfortunate turn for his worldview yield infor- 
mation about the kinds of causes at work (mental or physical, simple or 
complex). But ultimately, as I discuss in the closing chapter, these modifi- 
cations undermined his program as a whole. 


Part II 


Part IIT concerns the irregularities of planetary motion and their physical 
causes. Once again, Kepler used the kinds of effects produced to determine 
whether the cause is mental or physical. This comes out particularly in his 
discussion of planetary libration. Kepler’s first move was to point out that 
regular motion need not be interpreted as uniform circular motion. It 
could instead be taken as regular irregularities (Epitome, 929-30, KGW 
VII, 327-28). Indeed, regular irregularities indicate that we need to look 
for physical rather than mental causes. Regular nonuniform motion must 
be the result of “material necessity. So it is not surprising if these faculties, 
which are mingled together, could not attain perfection completely” (Epit- 
ome, 932; KGW VII, 331). Notice Kepler’s emphasis on the inability of a 
physically complex world to mirror the archetypes. This emphasis is quite 
different from that found in the Astronomia, where the mathematical ele- 
gance of the versed sine measure is said to indicate, in virtue of its arche- 
typal significance, a forthcoming physical theory. 

In the Epitome, Kepler modified his physical theory in two significant 
ways. The first modification is that, because nothing on the Earth’s surface 
could function as the attractive and repulsive poles, “we are therefore com- 
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pelled to admit that the globe is inside an outer crust: in such fashion that 
the crust rotates during the daily movement, while the globe having the 
threads does not rotate” (Epitome, 937; KGW VIL, 335-36). This maneuver 
is, of course, ad hoc. Kepler’s only reasons for believing it were, first, that 
a two-magnet system analogous to the sun and the Earth would produce 
(more or less) the libratory motion and, second, that God had created a 
force to instantiate the archetypal construction. 

As Kepler admitted in the Astronomia, his demonstration from the two- 
magnet system only shows that something like the two-magnet system 
might be producing the libration. We are not compelled to admit that this 
is the case, much less that a globe under the Earth’s crust maintains the 
correct orientation. As a result, Kepler’s archetypal arguments become 
very important here. Having long believed that final and efficient causes 
correspond, in his discussion of libration in book IV, Kepler finally made 
this correspondence explicit: 


The instrumental cause is the different strength of the threads, whether that is 
produced by nature or by posture. But the final cause is the same as that of the 
eccentricities themselves, namely in order that by reason of these eccentrici- 
ties the movements of the planets should become very fast and very slow in such 
measure as would suffice for the harmonies to be exhibited through them. Book 
V of my Harmonies has to do with this. (Epitome, 941; KGW VII, 338) 


Then there will be room to speak about the final cause: to the final cause belongs 
the mutual tempering of the forces of libration, of the deflection of the threads, 
and of the revolution, in some fixed proportion . . . because the librations were 
prepared in order to set up the harmonies. (Epitome, 945; KGW VII, 342) 


It is suggestive that Kepler emphasized his identification of a causal system 
in the context of his libration theory by way of its archetypal cause—an 
indication, I believe, that Kepler was concerned about the plausibility of 
his physical claims and that, once again, he brought in the archetypes to 
support an otherwise weak physical argument. Still, his archetypal justifi- 
cation suggests only that libration occurs, that it has a cause, and that the 
cause might be magnetic. 

Kepler’s concern is also suggested by the further methodological claim 
that his hypothesis is at least no less plausible than that of the solid spheres. 
Both hypotheses lack direct observational evidence, yet both are inferrable 
from the data (Epitome, 950; KGW VII, 347). 

Such considerations notwithstanding, he concluded that he had shown 
only that there was some physical cause, and not necessarily the one he had 
in mind: “For between these and similar things, it is uncertain exactly what 
the manner of this motion is: it is alone very certain that, whatever the 
manner is, it has been fitted to physical and magnetic causes, i.e., corporeal 
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OR 
Figure 7.3. The Deflection of the Magnetic Fibers 


and thus geometrical; and I have put forward examples of such causes in 
both causes here” (Epitome, 954; KGW VII, 350). 

Kepler’s second modification was to account qualitatively for how the 
magnetic threads of the inner crust maintain the appropriate orientation. 
Because the sun attracts one end of the threads and repels the others, it 
grabs onto them and twists them slightly (figure 7.3). As the planet is car- 
ried into the second half of the orbit, the opposite end of the thread is 
presented, and so the sun twists it back to its original position. To prevent 
the attractive pole from twisting all the way around to face the sun 
throughout the orbit, Kepler proposed that the twisting meets with resis- 
tance, as a compass needle resists disorientation by a magnet (Epitome, 942; 
KGW VII, 339-40). 

If the second modification could be shown to yield precisely the right 
results, it would be a great success for Kepler’s troubled libration theory. 
Despite the ad hoc nature of the inner crust hypothesis, its plausibility 
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would be greatly increased if it could be shown that the sun, in conjunction 
with the natural resistance of the poles, twists them to exactly the right 
position. Kepler deferred this demonstration for book V, satisfied that he 
had shown that the world’s archetypal blueprint was at least compatible 
with a more or less plausible, observationally adequate physics. Hence his 
summary comment: “[Planets] find the laws, or figure, of their movements 
in their own bodies, which have been conformed to Mind—not their own 
but the Creator’s—in the very beginning of the world and attuned to ef- 
fecting such movements” (Epitome, 960; KGW VII, 355). 


Book V 


Overall, Kepler’s qualitative physics is impressive. His task in book V was 
to flesh out the quantitative details of his theory—to show, in other words, 
how mathematical astronomy can be derived from celestial physics. 
Whether Kepler’s mathematical theory of libration can be interpreted as 
a physical theory was a matter of some importance to Kepler, for he be- 
lieved the rival theory of Fabricius, proposed years earlier, to be empiri- 
cally equivalent to his own (Letter from Fabricius to Kepler, February 27, 
1608; KGW XVI, 123-30).! Distressed by this empirical equivalence, 
Kepler criticized Fabricius’s theory for its lack of physical foundations: 


You say that geometry bore you a daughter. I looked at her, she is beautiful, but 
she will become a very bad wench who will seduce all the men of the many 
daughters which mother physics has borne me. Your theory will attract lecturers 
and philosophers; it will offer a way out to the enemies of the physics of the sky, 
the patrons of ignorance. (Letter of Kepler to Fabricius, November 10, 1608; 
translated in Baumgardt 1951, 81; KGW XVI, 205. Kepler did not write to Fa- 
bricius again until October 1616) 


Kepler’s worry persisted, and in a letter to Maestlin in 1616 he defended 
his theory against Fabricius, stressing both the need to ground astronomy 
in physics and the plausibility of his physical theory of libration (KGW 
XVII, 201-2). 

Kepler was unable to derive an adequate mathematical theory of li- 
bration from his physics, so he settled on a mathematical theory incompat- 
ible with the physical theory. Examination of this conflict reveals impor- 
tant methodological issues surrounding the development of nonqualitative 
physics.'! Briefly, Kepler’s physical theory has the sun tugging on mag- 
netic fibers so that they twist to maintain the required orientation (fig- 
ure 7.3); the sun pulls these fibers to maximum deflection at N, then pulls 
them back to their original position as the planet moves toward R. In 


164 ; CHAPTER 7 


book V, Keplers mathematical account of deflection is as follows (fig- 
ure 7.3). For physical reasons: 


sin HIS 3 sin IAP 
sin QNB sin NAP ` 


Thart is, the sine of the fibers’ deflection (sin HIS, sin QNB) is proportional 
to the sine of the coequated anomaly—a plausible explanation, given the 
appropriateness of using sines to measure physical forces, and the fact that 
the sun deflects the fibers by pulling on them. Kepler also demonstrated 
that the sine of the deflection is proportional to the sine of the optical 
equation. By the law of sines we have: 


BI- sin BAI 
BA sin BIA 
BI- sin LAP 
BA sin BIA” 


If figure PNR is a circle, then we also have: 
BI BN sinBAN 
BA” BA sin BNA 


BI _ sin NAP 
BA sin BNA ’ 


from which we derive: 


sin BIA sin [AP 


sin BNA sin NAP 


Because BIA and BNA are the optical equations for the planet at J and N 
respectively, the sine of the optical equation is proportional to the sine of 
the coequated anomaly, and thus to the sine of the deflection. This account 
of libration was part of Kepler’s formal derivation of the ellipse. Thus his 
mathematical account is coherent and can be derived from the physically 
plausible notion that the sine of the deflection of the fibers is proportional 
to the sine of the coequated anomaly. 

The problem is that these equivalences go through on a circular orbit 
but not an elliptical orbit. If the sine of the deflection is set proportional to 
the sine of the optical equation, then on an elliptical orbit the fibers will 
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continue to deflect past N. This deflection is physically implausible, for it 
requires the fibers to twist against the attractive force of the sun. Once 
again, Kepler’s physical theory of libration was in trouble. 

Without an adequate physical interpretation, the question remains 
whether Kepler’s libration theory can be considered a part of his physical 
astronomy. As Stephenson (1987, 155) observes, that Kepler disguised 
these difficulties in the Epitome, should not be surprising because the Epit- 
ome was written as a textbook. Unfortunately this tactic leaves little clue as 
to whether Kepler viewed the problem as tractable. As I argue, however, 
the way Kepler introduced his libration theory in book V set the stage for 
a strategy that would allow him to claim that his mathematical theory of 
libration could still count as physical. This setup has two parts. First, he 
specified the conditions under which one can mathematically measure a 
physical force. Then he argued for an analogy between libration and the 
balance, the significance of which will become clear. 

Kepler’s second account of libration is that the measure of the net force 
at a given moment in time is the sine of the coequated anomaly. As dis- 
cussed earlier, his motivation for this second account was that it, unlike the 
first, could be given an interpretation of physical significance. Here, at last, 
the motivation is explicitly avowed: “For since the efficient causes of the 
libration are the ray of the sun and the magnetic threads of the planet’s 
body, two physical lines; it is right to seek the measure of the strength of 
the libration from the angle between these lines and from its sine” (Epit- 
ome, 969; KGW VII, 366). The topological features of the physical system 
must not only be represented but represented appropriately in the mathe- 
matical model. Setting libration as the versed sine of the eccentric anomaly 
produces the right effects, but has little to do with the structure of the 
physical system, because the vertex of the eccentric anomaly is at an empty 
point in space. 

Kepler also argued that taking the sine is appropriate because: “every 
artificial or natural movement, in which the same or analogous principles 
concur, is measured out by the sines of the angles; but principally and most 
clearly, the movement or tendency [nisus] of the arms in the balance and in 
the lever” (Epitome, 970; KGW VII, 367). From the success in measuring 
other types of motion by the sines of the angles, it was natural for Kepler 
to draw this conclusion. After all, he believed that the physical world was 
created to instantiate certain mathematical relations aesthetically pleasing 
to God. His claim that we find motion represented in various places by the 
sine points to this being one of the mathematical relations that God chose 
to replicate. 

Kepler’s argument so far is that since his mathematical theory of libra- 
tion has the right topological features, and since it uses a plausible means 
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of measuring the motion, it can count as measuring the physical force that 
produces libration. Furthermore, the mathematical theory can count as 
measuring that force even without a physical theory of what causes it. 

Continuing his argument, Kepler drew an analogy between libration 
and the balance. He did this very briefly in chapter 57 of the Astronomia, 
but here the discussion is much more detailed and explicit. First he com- 
pared the systems’ structural features: “The line from the sun into the 
threads is like the haft of the balance, the threads like the arms of the 
balance; and the regions of the threads like the tray; and the weights in 
the trays are, in the case of the planet, the attraction towards the sun, or 
repulsion from the same” (Epitome, 970; KGW VII, 367). Next, he argued 
that the systems function in similar ways: 


For as the sun attracts the planet, so the Earth attracts bodies, and on account of 
this attraction, bodies are said to be heavy... . Accordingly that which in the 
balance is inequality of weights, in the planet becomes the diversity of posture of 
the threads with respect to the sun: for here the planet exhibits both weights on 
the balance as the same weight. And just as in the balance, the heavier weight 
comes down toward the Earth, and the lighter moves up away frorg the Earth; so 
in this case the whole globe of the planet suffers the affect [affectionem] of the 
prevailing region. ... Therefore too the measure, in accordance with which the 
weights of the balance are at war with one another, will be dominant in 
the disbursing of this attraction and repulsion. (Epitome, 970; KGW VIL, 367-68) 


It is significant that in the physics of book IV the key analogy is the 
two-magnet system, while in the mathematical astronomy of book V the 
key analogy is the balance. In book IV, Kepler was arguing that the cause 
either is or is like the two-magnet system. In book V, he was not discussing 
causes at all. Rather, by explicitly detailing the balance analogy, he was 
arguing for the legitimacy of using methods trom mechanics to analyze 
libration. By doing this, he tapped into an established tradition of mathe- 
matically representing physical systems.'? Mechanics at the time was an 
accepted mixed science—that is, a science about the physical world that 
used mathematics as one of its tools. It was considered relatively unprob- 
Icmatic to demonstrate mathematically without reference to physical 
causes the properties of physical systems like the balance. Linking mechan- 
ics to celestial physics in the right way would legitimate measuring without 
reference to physical causes the physical forces producing celestial phe- 
nomena like libration. 

Recall how Kepler’s requirement in the Apologia that astronomy be 
grounded in qualitative physics allows for assessing an astronomical hy- 
pothesis on the basis of its physical plausibility. Because, due to God’s 
creative plan, certain objects in different domains resemble each other, and 
because libration and the balance bear this sort of resemblance, conven- 
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tional mathematical descriptions of the balance are applicable to libration 
theory. Consequently, since the mathematical theory has the right topo- 
logical features, mirroring those of the balance, it is a physically plausible 
measurement of the cause—whatever it may be—of libration. Notice that 
the emphasis has shifted from physically plausible mechanisms to physically 
plausible mathematical relations. This shift is conceptually important in 
moving from qualitative to quantitative physics. 


Concluding Remarks 


The Harmonice shows that as a mature scientist Kepler still believed in an 
archetypal universe. It should now be clear from the Epitome that this belief 
was not some aesthetic hobby but intimately connected to Kepler’s con- 
struction and defense of his physical astronomy. The relationship between 
Kepler’s archetypes and his physical astronomy persisted in the Epitome. 

The most significant role of the archetypes is to explain the design of the 
universe, specifically, the number, size, and spacing of planetary bodies. 
Such calculation allowed Kepler to access information empirically closed 
to him. For one example, he could not measure the diameter of the sun 
within acceptable margins of error. For another, he could not access em- 
pirically the densities of the planets. But he needed to access them some- 
how, for the only way he could account for the periods was to vary inertial 
resistance, and the only way he could do this without violating observa- 
tional data was to vary the densities. 

Structural features and physical principles, then, are both compatible 
with the archetypes, and interact to produce the universe as we know it. 
This interaction was, for Kepler, a necessary part of a complete explana- 
tion. Indeed, as we have seen, he opened his discussion of celestial physics 
by laying out the archetypal plan. It seems he believed his physics would be 
better received by a general audience if it comported with an archetypally 
determined universe. He used archetypal reasoning to support his physics 
in two ways, by linking domains of objects, and by establishing the physical 
plausibility of hypotheses. 

These roles were quite useful in enabling Kepler to forge ahead in the 
virtually uncharted territory of physical astronomy. The matter, however, 
had become complicated in the Harmonice by the failure of exact corre- 
spondence between the physical and the archetypal. He responded to this 
problem by arguing that, unlike direct mental causes, physical causes, by 
their very nature, would fall short of the archetypes. ‘This matter was fur- 
ther complicated by the possibility of compound causes, which would in- 
terfere with the instantiation of the archetypes. Thus did Kepler discover 
a physical world less perfect in representing of God’ ideas than he had 
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originally thought. Compare the following quotations, the first from the 
much earlier Apologia, the second from the Epitome: 


He who has learned to distinguish these things will easily disengage himself 
from the deluded seekers after abstract forms who quite heedlessly despise mat- 
ter (the one and only thing after God), and from their importunate sophisms. 
(Apologia, 156; KGW XX.1, 30) 


[I]n addition to mind there was then need of natural and animal faculties also for 
the sake of movement; those faculties followed their own bent [ingenium], nor 
did they do everything from the dictate of mind, which they did not perceive, but 
they did many things from material necessity. So it is not surprising if these 
faculties, which are mingled together, could not attain perfection completely. 
(Epitome, 932; KGW VII, 331) 


Notice the change in Kepler’s view of matter. The first quotation chides 
those who fail to see its perfection, whereas the second excuses its princi- 
pled imperfection. This reversal must have left Kepler disconsolate, for 
material imperfection mars God’s communication with humanity. But the 
failure of exact architectonic harmony did more than threaten his sense 
of communicating directly with God. As I discuss in the closing chapter, 
it undermined much of the support he had marshaled for his physical 
astronomy. 


Conclusion 


The Fate of Kepler’s Philosophical Thought 


The Threat to the Perfectibility of Astronomy 


The archetypes supported Kepler’s realist stance in two ways. They justi- 
fied his method as truth-linked, and they accounted for the accessibility to 
the human mind of nature’s underlying structure. In particular, they justi- 
fied his view that fruitfulness and simplicity are theoretical virtues on the 
basis of which to adjudicate rival hypotheses. Because God’s essence is 
simple, and this simplicity is reflected in the material by archetypal corre- 
spondence, a theory that does not unify complex phenomena is unlikely to 
match the archetypes. As God imprinted us with the archetypes, we can 
rule out hypotheses that “disturbed the mind,” and as the archetypes imply 
the unification of diverse phenomena, we have ample opportunity to test 
hypotheses for error. Thus, the “linking of syllogisms” implies that even if 
two theories are empirically equivalent, they may not be evidentially equiv- 
alent. Hence, despite making the same predictions, one theory can be bet- 
ter supported than the other. 

Kepler’s conception of the archetypal universe was also instrumental in 
his justification of incorporating physics into astronomy. Without this jus- 
tification, his answer to the problem of observational equivalence would 
have been suspect for it involved the merging of traditionally distinct disci- 
plines. Moreover, conceiving of physical objects as essentially geometrical 
justified the use of mathematical models in describing physical systems. 
The analogy between things mechanical and celestial furthered this end. 
The idea that some mathematical relations have more aesthetic appeal than 
others and hence are more likely to be found in the world justified certain 
mathematical models as physically plausible when no qualitative physical 
description was available. We see this in particular in Kepler’s discussion 
of libration in the Astronomia and Epitome. 

The archetypes also served to rule out hypotheses that could not be 
represented geometrically, and to establish the candidacy of those that 
could. Both functions were of key importance to the “war on Mars,” in 
which Kepler broke new ground in physics and astronomy. Once he had 
abandoned the traditional means of representing planetary motion, he 
could use the archetypes to determine the plausibility of other means. In 
addition, the aesthetic appeal of the ellipse, its unification of his distance 
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and area principles, recommended it over various other noncircular orbits 
consistent with observation. 

Kepler deemed it necessary for completeness and security to provide 
both an a priori and an a posteriori account of the world. The a posteriori 
is, by its nature, based on past observations; an a priori account of the 
causes provides confidence that future observations will continue to follow 
the pattern of those past. Traditional physics and metaphysics were con- 
ducted a priori. Quantitative physics, however, was not conducted a priori, 
for it represented motion, as astronomy did, without reference to the 
causes involved. Here especially, if Kepler was to have both a priori and 
a posteriori accounts, he needed an archetypal model. 

As already noted, Kepler argued that the nature of the material was such 
that it could not conform completely to an archetypal model. The problem 
arose during his study of celestial harmonies, and by the time he wrote 
book IV of the Epitome he had some answers. There he argued that the 
structure of a system could tell us something about the nature of the causes 
at work. A system’s failure to correspond exactly to its archetype indicates 
a physical rather than mental cause, and more than one cause may be com- 
plicating the motion. But Kepler’s earlier confidence in his method rested 
on the assumption of the precision in the physical mirroring of archetypes. 

Kepler’s sense of the material world’s complexity was heightened by the 
time he finished the Rudolphine Tables (1627). By then he held that plane- 
tary motion is disturbed by small motions uncaptured by his planetary 
laws. He believed that in the orbits of Saturn, Jupiter, and Mars there 
were slight perturbations, which, over a great period of time, would re- 
sult in a change to their orbits (Letter from Kepler to Mathias Bernegger, 
20/30 June 1625; KGW XVIII, 237).! He came to believe that the moon’s 
orbit and the rotations of the sun and Earth were also slightly irregular, 
which in turn raised doubts about the regularity of the inner planets. 

Although the perturbations were small, Kepler spoke of them as ex- 
traordinary, disturbing the mathematical regularity expected of planetary 
motions.” 

In commenting on Kepler’s response to the planetary perturbations, 
Wilson argues that: “Ihe complex interaction of physical influences, and 
the complex artistry of the Creator in adapting his creation to several har- 
monic patterns simultaneously, could leave the exactitude of any particular 
relation in doubt” (Wilson 1978, 241). While the complexity of physical 
and archetypal causcs may complicate theorizing, this by itself does not 
threaten the regularity of mathematical descriptions of physical relations. 
Rather, the threat comes from the misbehavior of matter, the “intensiones 
et remissiones recipientium extra ordinem.” This interpretation suggests 
that Kepler did not locate the problem in the interaction of physical causes 
and the complex artistry of the Creator. The problem lay rather in the 
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break between the material and the archetypal, a break consequently that 
threatened the perfectibility of astronomy.’ 

This threat had serious consequences. If matter is not fully tractable to 
archetypal rule, then Kepler’s view of planetary orbits loses an appreciable 
amount of the theoretical support he thought he had adduced. For exam- 
ple, the application of mechanics to libration rests on the assumption that 
certain mathematical relations in mechanics can describe the motion of the 
planets exactly (it is certainly not supported by the assumption of the simi- 
larity of the nature of the causes since all the parts of the standard machines 
analyzed in mechanics are in contact with each other, whereas the sun acts 
on the planets at a distance). Without this assumption of exactness, the 
planet could deviate slightly from its predicted path, and given the prob- 
lem of observational error, Kepler would not be the wiser. This possibility 
jeopardizes his choice of the ellipse over other figures equally compatible 
with observation. The unification of the distance and area rules count no 
longer as evidence for but merely as a pragmatic virtue of the ellipse. 
Kepler’s realism is defunct. 

Not only does Kepler’s view lose the theoretical support on which his 
realism depends, the now possible irregularity of the physical world places 
predictive confidence in jeopardy. Kepler’s laws need not persist in hold- 
ing if the material is wont to misbehave. It is interesting how in this case 
the failure of archetypal correspondence endangers the predictive ade- 
quacy necessary, but clearly not sufficient, for a theory’s vindication. 

Because the material may fail to match the archetypes precisely, if these 
perturbations have physical causes (and surely for Kepler they do), then a 
complete physical theory no longer maps the archetypes. Formal, final, 
and efficient causes fail to correspond, and so the archetypes cannot be 
used to rule out certain physical hypotheses as implausible. Furthermore, 
because it was the archetypal correspondence of physics and astronomy 
that justified their merger, that merger must now be justified on other 
grounds. For the same reason, archetypal reasoning can no longer make 
plausible physical models unsecured by qualitative physics. 

If the nature of matter precludes astronomy from being an accurate sci- 
ence, Kepler’s earlier emphasis on precision is of little use. Small, ob- 
served, deviations above tolerance from the results predicted by a theory 
need not in any way affect its assessment, and the requirement of a com- 
plete and precise archetypal construction is now obsolete, since there may 
not be one to be had. 

Nonetheless, these problems do not diminish but rather highlight the 
historical significance of Kepler’s archetypal universe. This vision inspired 
and, for a while at least, justified the discoveries and methodological inno- 
vations that earned him a place of high distinction in the scientific revolu- 
tion. He envisioned a universe perfectly created in the perfect image of 
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order, an order at once in consort with and knowable by the human mind. 
Perhaps this is why those who study Kepler’s archetypes tend to speak with 
an air of regret that such views can no longer be expected to be part of sci- 
entific inquiry. As Caspar puts it; “Certainly, with the progress of knowl- 
edge, some of Kepler’s views have proved erroneous. His view of nature 
was conditioned by the time. But the ethos by which he performed his 
work {that nature can be understood, not just cataloged] has also changed 
and this is a pity” (Caspar [1959] 1993, 387). 


Kepler’s Philosophical Legacy 


I would like to be able to say that Kepler’s philosophical legacy lives 
on, that he is the father of modern philosophy of science just as Des- 
cartes is the father of modern epistemology. But this is not so. Kepler 
shows up frequently enough in philosophy of science debates but seldom 
as a philosopher. I would like to explain this neglect, but the task is a 
difficult one. After all, if Kepler’s philosophy has not been discussed, his- 
tory will indicate at best a series of conspicuous absencts.* Two such 
dearths are in the Descartes-Mersenne correspondence, and the Leibniz- 
Clarke correspondence.’ 

Kepler’s philosophy, however, was discussed by his contemporaries. 
The Mysterium garnered enough interest to warrant a second edition. His 
work on harmonies was appreciated by Mersenne and Horrocks and chal- 
lenged by Fludd. Also controversial were his archetypal justification of 
grounding astronomy in physics, and applying mathematics to physics. 
These views received largely negative responses from Brengger, Maestlin, 
Criiger, Boulliau, Riccioli, and Longomontanus (Applebaum 1996, 459, 
499). My interest, however, is less whether Kepler’s views had currency at 
the time, and more why they have none in the history of philosophy today. 
This question is particularly keen considering both the sophistication and 
contemporary appeal of certain key features of Keplers philosophy— 
hence the following focus on well-studied sources where one might rea- 
sonably expect Kepler’s philosophical ideas to appear. 

Marin Mersenne was a key intellectual figure of the mid-seventeenth 
century. He knew of and corresponded with many of the important think- 
ers of his time, most notably Descartes and Huygens, and his collected 
correspondences provide a valuable resource for studying the transmission 
of ideas at that time. Mersenne was aware of not only Kepler’s astronomy 
but also his work on world harmonies. Indeed, Kepler complained that 
Mersenne was dragging him into a debate with Fludd (Letter to Jakob 
Bartsch, Novemebr 6, 1629; translated by Baumgardt 1951, 178). Mer- 
senne clearly felt that Kepler’s work was worth writing about, and spoke 
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often of him in letters. Kepler’s magnetic philosophy was a topic of great 
interest; the central controversy was over the possibility of a cause acting at 
a distance from its object. Citing the Astronomia, Deschamps reported to 
Mersenne that he approved of the magnetic philosophy of Kepler and 
Gilbert (December 1640; Tannery 1932-88, X, 123). Descartes, in con- 
trast, argued that all causes are contact causes, and that consequently the 
planets indubitably move through a heavenly fluid (April 1646; Tannery 
1932-88, XIV, 227). Jacques de Volois approved of Boulliau’s method of 
calculating the ellipse without requiring physical considerations (June 
1648; Tannery 1932-88, XVI, 376-77). Kepler’s optics was also discussed, 
in particular by Descartes. 

Given Descartes’s awareness of Kepler’s work, and certain philosophical 
affinities, one would expect Descartes to have discussed Kepler’s philoso- 
phy explicitly in these letters. But he did not, although curiously he wrote 
to Mersenne that a priori knowledge of the heavens would be preferable to 
knowledge derived solely a posteriori. He lamented the lack of such an 
account, but made no mention of Kepler’s attempt to provide one (May 
1632; translated by Kenny 1970, 23-24). In a letter to Vatier he discusses 
his a priori method in a manner strikingly similar to Kepler’s; that hypoth- 
eses should first be deduced a priori from first principles, and then sup- 
ported a posteriori (February 1638; translated by Kenny 1970, 48). Both 
Kepler and Descartes saw physical objects as essentially geometrical, and 
both appeal to this notion to justify the use of mathematical mechanics in 
physics. In the third Meditation, Descartes claimed that our idea of God is 
formally caused by an archetype, namely, the essence of God.® Although 
Kepler was not referred to in these contexts, there is at least some evidence 
that his influence on Descartes was not negligible. Consider Leibniz’s 
claim that Descartes employed some of Kepler’s physical results “bril- 
liantly, although, as is his custom, he concealed their author” (Applebaum 
1996, 454; quoted from “Tentamen de motuum coelestium causis,” Acta 
eruditorum, February 1689, by Cohen 1972). 

Leibniz himself was very familiar with Kepler’s work, not just through 
hearsay, and not just the astronomy and optics. Leibniz aided Michael 
Gottlieb Hansch in his efforts to publish Kepler’s manuscripts and so had 
intimate contact with Kepler’s work (Caspar [1959] 1993, 366). Also, there 
is evidence suggesting that Kepler influenced Leibniz. Like Kepler, Leib- 
niz believed that everything was created for a reason (Leibniz codified this 
as the principle of sufficient reason). Both also believed that the universe, 
once created, would function beautifully in accordance with physical laws. 
Leibniz (1962, 129), in a very Keplerian passage, claimed that as a result of 
divine providence, the physical world would express aesthetically pleasing 
geometry and harmony. He believed, famously, that God was logically 
constrained to create not a perfect world per se, but the best of all possible 
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worlds. Kepler had arrived at this conclusion earlier after his struggle to fit 
harmonies to planetary motion. There is also direct evidence that Kepler 
influenced Leibniz. He explicitly credited Kepler with discovering how 
nature instantiates the harmonious laws of God. Meli observes: 


In the “Tentamen” Leibniz praised Kepler for having first made known to the 
mortals “jura poli, rerumque fidem, legesque Deorum.” This quotation from Clau- 
dian, which originally referred to Archimedes, mentions three main areas in 
which Kepler was important for Leibniz, namely astronomy and the laws of 
planetary motion; the order, regularity and especially harmony of nature; and 
the role of theology in many aspects of his work. (Meli 1991, 424) 


This passage appears in Leibniz’s reproach to Newton for not grounding 
his mathematical physics in qualitative physical theory (Meli 1991, 424), 
a matter that worried Kepler. This influence on Leibniz is not widely 
known; it has taken the work of scholars like Meli to bring to light Kepler’s 
influence on Leibniz,’ probably because his influence qua philosopher is 
not readily apparent in Leibniz’s widely read works. 

One notable absence is from the well-studied Leibniz-Clarke corre- 
spondence (written in 1715 and 1716). Leibniz had been embroiled in a 
conflict with Newton and his followers for several years, and Clarke 
stepped in to answer Leibniz’s objections to the religious and philosophi- 
cal aspects of Newton’s work. The debate ranged from the relationship 
between God and the created world, to the perfection or imperfection of 
matter, and to the need to explain why God created the universe this way 
rather than some other. ‘These are topics to which a discussion of Kepler’s 
philosophy might prove germane, yet again, when Kepler is mentioned it 
is only in the guise of scientist (e.g., Alexander 1956, 88, 135). 

Interpreting these conspicuous absences is difficult, especially as it was 
common enough at the time for philosophers to refrain from citing 
sources. While it is clear that Kepler’s philosophical views are of consider- 
able interest, he seems a bit of a “lost philosopher” whom I have worked to 
bring to light. But the question of whether he was a philosopher of influ- 
ence has barely been broached, much less more involved questions about 
the nature and course of such possible influence. Were subsequent ap- 
proaches to scientific method, such as Whewell’s, influenced by Kepler? 
Were apparent influences the indirect result of a wider trend? Was 
Kepler's influence due to his method as practiced in astronomy and optics, 
his philosophical remarks on method, or both? As difficult as these ques- 
tions are, answering them would be no less interesting and rewarding. 

Whether or not it influenced Descartes, and even though it influenced 
Leibniz, Kepler’s philosophy was marked for extinction. It is ironic that 
what makes his work a stimulant to philosophy of science may be precisely 
what sealed its historical extinction. With the exception of the Apologia, 
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Kepler’s philosophy has to be sifted from his discussion of the archetypes, 
from his astronomy, and from his optics. His requirement of the arche- 
types that they be both precise and testable renders them fascinating but 
obsolete. His achievements in astronémy and optics are so great that they 
cannot help but overshadow Kepler’s methodological commitments, even 
though, as I have argued, these commitments made his remarkable discov- 
eries possible. Nonetheless, it is this blend that reveals the full importance 
of Kepler’s philosophy, for it illustrates beautifully how philosophy can 
and did contribute to the improvement of an empirical discipline. 


Notes 


Introduction 


1. George Smith’s phrase, in Harper and Smith 1995, 147. 

2. Kepler’s dedicatory letter in the Astronomia to “Rudolph II, The Ever August 
Emperor of the Romans, King of Germany, Hungary, Bohemia, &c. Archduke of 
Austria, &c.” (AN, 30; KGW III, 7) plays out the metaphor that his study of Mar’s 
orbit was a war (“I myself shall occupy myself with Astronomy, and, riding in the 
triumphal car, will display the remaining glories of our captive that are particularly 
known to me, as well as all the aspects of the war, both in its waging and in its 
conclusion”; AN, 31; KGW III, 8). 


Chapter 1 
Kepler’s Life and Times 


1. Duke Ulrich had established a scholarship system designed to aid “children 
of poor, pious people, of hard-working, Christian, God-fearing character and 
background, and suited for study” of theology (Methuen 1998, 37). 

2. Some of Maestlin’s astronomical views are discussed in the next section. See 
also Jarrell 1971 and Westman 1975 on Maestlin. 

3. This comment suggests that, although Kepler was aware (indirectly through 
Melanchthon and directly through Maestlin, Methuen 1998, 74-78, 155-58) of 
the idea that astronomy could reveal God, he needed to prove this connection to 
himself. 

4. See Thoren 1990, 432-39; Jardine 1984, especially ch. 1; Rosen 1986; and 
Gingerich and Westman 1988, 42-76). 

5. Ihave not intended to provide a comprehensive biography of Kepler. Rather, 
I have simply sketched certain key events surrounding the writing and publication 
of the works discussed here. For a detailed and moving biography, see Max Cas- 
par’s ([1959] 1993) definitive Kepler. 

6. Recently Yavetz (1998, 221-78) challenged Schiaparelli’s 1877 interpretation 
of Eudoxus. 

7. The author of Mechanics is unknown, but is generally thought to be an early 
Aristotelian, perhaps a pupil of Aristotle. 

8. Moreover, because physics was the study of natural motion, and the experi- 
mental method of manipulating objects diverts them from their natural motion, 
such a method would seem inappropriate. 

9. The details of how Ptolemy used these devices to develop an incredibly accu- 
rate predictive astronomy are well beyond the scope of this book. See Neugebauer 
[1957] 1969, and Toomer’s (1984) translation of the Almagest. 

10. Francesco Patrizi (1529-97), who believed in heavenly fluidity, was mocked 
frequently by Kepler (Apologia, 155; KGW XX.1, 29; AN, 117; KGW IH, 62). 
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Despite Kepler’s mocking tone, he was raising a serious concern—namely, that no 
explanation has been offered of how the planets move through the fluid. 

11. For further reading on Copernicus, see Swerdlow 1973; Swerdlow and 
Neugebauer 1984; Copernicus’s De revolutionibus (translated by Rosen 1992). 

12. Dreyer’s ({1906] 1953, 345-63), Kuhn’s (1957, 185-209), Koyré’s ([1961] 
1973, 55-66), and Cohen’s ([1960] 1985, 45-52) popular books have been in- 
strumental in bringing to our attention the reasonableness of the resistance to 
Copernicanism. 

13. I am setting aside the debate over whether Aristotle’s methodological pre- 
scription was intended to apply to scientific discovery, or the presentation of re- 
sults; see Barnes (1957, 1965] 1975, 65-87. 

14. Itis worth noting that astrology was viewed by many as a practical discipline 
with political import (including Kepler, see HM, bk. 3). 

15. See Clagett [1959] 1961; Drake and Drabkin 1969, introduction; and Rose 
and Drake 1971. 

16. Kepler was certainly not the first to speak of the world as a machine; for 
example, Nicole Oresme (13232-1382) used the metaphor of the world as a me- 
chanical clock (Wallace 1981, 42). 

17. See Conger [1922] 1967, for a survey of Neoplatonism in the Renaissance. 
See also Westman 1972 and Kristeller [1943] 1964; 1979. 

18. By 1620 Kepler had heard of Bacon, and Bacon of Kepler through Henry 
Wotton (there is a letter from Wotton to Bacon in KGW XVID, 42). But by this 
time Kepler already had a well-developed conception of the way the mind should 
process data. i 

19. This letter appears in Tychonis Brahe Opera Omnia, VIII, 52-55; and is re- 
printed in KGW XIII, 204-5. 


Chapter 2 
The Mysterium cosmographicum and Kepler’s Early Approach 
to Natural Philosophy 


1. In 1621 Kepler published a second edition of the Mysterium. He left the 
original unchanged, but added notes to clarify, revise, and, in some cases, recant his 
original views. Unless otherwise stated, the references to the Mysterium are to 
Kepler’s original publication in 1596. 

2. Despite Kepler’s use of Aristotelian language, he did not, to my knowledge, 
discuss material causes. What is important here, however, is how Kepler used these 
terms, not whether that use was faithful to Aristotle. 

3. “In globo igitur est trinitas. ... Sex igitur mobilia Solem circumambeuntia. 
... Sic igitur Sol in medio mobilium quietus ipse et tamen fons motus gerit imagi- 
nem Dej patris creatoris. Nam quod est deo creatio, hoc est Solj motus. Movet 
autem in fixis, ut pater in filio creat. Fixea enim nisi locum praeberent sua quiete, 
nihil moverj posset.” 

4. One need only check the Personenregister in KGW XTI-XVIII to confirm this. 

5. See Field 1988, 1-16, for a comparison of the use of the polyhedra by Plato 
and Kepler. 

6. Kepler did not engage in such speculations (that the icosahedron is most like 
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the sphere, or that the order from sun to stars should be from most important to 
least), so as a result we are not offered an explanation on a priori grounds of why 
these alternative orderings are inappropriate. 

7. Here Kepler was concerned with ordering the solids on the basis of relative 
distances between the planets. He later ’tested the polyhedral hypothesis more 
rigorously. f 

8. Kepler corresponded frequently with Hans Georg Herwart von Hohenburg, 
who was the Bavarian chancellor, on both religious and scientific matters. Despite 
their religious differences (Herwart was Catholic, and Kepler was an eclectic Lu- 
theran with sympathies for both Calvinist and Catholic doctrines), Herwart was a 
supportive patron of Kepler’s scientific work (Caspar [1959] 1993, 80-85). 

9. This result probably did not matter much since Kepler was already convinced 
of the correctness of his polyhedral model before getting the new values from 
Maestlin, as he indicated in a letter to Maestlin written in 1595 (Grafton 1973, 
524). 

10. That is, using base 60 rather than base 10. In base 60, 60 seconds make up 
1 minute, 60 minutes make up 1 degree. 

11. These remarks suggest that Kepler may not yet have been aware that the 
preface to De revolutionibus was written by Andreas Osiander, not by Copernicus 
himself. He may have been aware of this, however, since Maestlin suspected as 
much (Westman 1975, 331). Kepler was certainly cognizant of this by the time he 
wrote the Apologia (Apologia, 150; KGW XX.1, 26-27). 

12. More precisely, Kepler claimed that geometrical figures could not inhibit 
motion, “For no point or center has weight” (MC, 167; KGW I, 56). 

13. Acronychal observations are made when the Earth is in line with the sun and 
the observed body. When the model is based on the mean sun, then the observa- 
tions are taken when the mean sun is in line with the planets. 

14. In the Apologia Kepler cites William Gilbert’s work on magnets as filling a 
gap in the Mysterium (Apologia, 146, KGW XX.1, 24). I found no evidence that 
Kepler was aware of this gap while writing the Mysterium. 

15. This quotation is from Kepler's annotated notes in 1621. Kepler saw himself 
as expressing more perspicuously what he already believed in 1596. My reading of 
chapter 11 is in agreement with this self-assessment. 

16. This term is Jardine’s (1984, 252). See also Westman’s (1972, 233-64) dis- 
cussion. Westman uses the term “microcosmic harmony” to refer to the harmony 
between the different levels. 

17. We see this view exemplified in Marsilio Ficino (1433-99), Pico della Mi- 
randola (1463-94), Robert Fludd (1574-1637), and others. See Conger 1967, for 
a survey of Neoplatonists committed to architectonic harmony. See also Westman 
1972 and Kristeller [1943] 1964; 1979. 

18. Fabricius, a well-known astronomer with whom Kepler corresponded fre- 
quently, was baffled by Kepler’s insistence on using physical considerations in de- 
veloping astronomical models. 

19. Kepler discussed this issue in chapter 21 of the Astronomia and in the Apolo- 
gia. Bennett (1998) explores this principle as it is presented in the Apologia. 

20. Lakatos, a twentieth-century philosopher of science, proposes that one can 
adjudicate between hypotheses on the grounds of whether they make novel predic- 
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tions. The classic example of this is the prediction of the existence of Neptune 
(independently) by Leverrier and Adams. ‘They observed that the deviations of the 
orbit of Uranus could be explained by appeal to the existence of another planet 
influencing its orbit. The subsequent discovery of Neptune was a striking success 
for Newtonian mechanics. Zahar suggests that requiring a progressive hypothesis 
to make novel predictions is too strong. He recommends modifying the require- 
ment to include hypotheses that provide novel explanations, that is, explanations of 
known phenomena that the hypothesis was not constructed to explain (Lakatos and 
Zahar [1976] 1978, 184-85). 

21. This proviso reminds one of the modern notion of falsifiability. 

22. He even considered the possibility of inserting invisible planets between the 
visible ones for the purpose of ordering the ratios of the distances numerically 
(MC, 63-65; KGW I, 10). 


Chapter 3 
Kepler’s Apologia: An Early Modern Treatise on Realism 


1. The Apologia appears translated in Jardine 1984. 

2. It should be noted that Kepler was concerned not with general philosophical 
arguments for skepticism, but rather with addressing problems specifically astro- 
nomical. His response to these is nonetheless of general philosophical interest. 

3. The term “realism” is a modern one which Kepler did not use. I am using it 
here to refer to Kepler’s belief that with the appropriate method one can access 
truth. 

4. Although Jardine (1979; 1984) and Gardner (1983) have commented on the 
modern appearance of the Apologia, and both noted Kepler’s belief in a world cre- 
ated to be epistemically accessible, my purpose is to show explicitly how Kepler's 
cosmology justified his response to the skeptics. 

5. See Jardine 1984; Gingerich and Westman 1988; and Rosen 1986, for a dis- 
cussion of Brahe’s priority dispute. 

6. Kepler pointed out that even if one is indifferent to the physical implications 
of hypotheses, it is not as easy as Ursus supposed to construct a variety of empiri- 
cally adequate observationally equivalent hypotheses (Apologia, 147; KGW XX.1, 
25). 

7. Even Maestlin, Kepler’s teacher, was puzzled by Kepler’s use of physics in 
astronomy. See Maestlin’s letter to Kepler, September 21, 1616, KGW XVII, 186- 
88. 

8. Jardine (1984) observes that Tycho saw Se as a misinterpretation of Patri- 
cius (Apologia, 155). 

9. De rebus naturalibus . . . (Cologne, 1590), De natura coeli, ch. 6, col. 252; cited 
in Donahue’s introduction to his translation of Kepler’s Astronomia, 6. 

10. “[Ajlmost all notable authors to date assess them [astronomical hypotheses] 
on both geometrical and physical grounds and want them to be confirmed in all 
respects” (Apologia, 140; KGW XX.1, 21). 

11. Harper and Smith, in their study of Newton, emphasize the substantial na- 
ture of the support provided by using diverse phenomena to measure the same 
parameter of a theory that is used to explain those phenomena. The Copernican 
hypothesis “turns data . . . into evidence” (Harper and Smith 1995, 147) by unify- 
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ing planetary models, thereby allowing each retrograde motion to be a function of 
the Earth’s orbit (Harper and Smith 1995, 146-48). (Harper and Smith’s term 
“systematic dependencies” is roughly analogous to “linked syllogisms.”) It is im- 
portant to note that, as interpreted, Kepler’s notion of the linked syllogisms is 
stronger than that of falsifiability. Simple contingent assertions like “there is a table 
in this room” are falsifiable, but do not involve a linking of syllogisms. Such simple 
contingent assertions entail two types of predictions: that when we look, it is true 
that we will see a table, and when we look it is false that we will not see a table. If 
a prediction is generated by linked syllogisms, by contrast, then it is strongly en- 
tailed by them. A prediction is weakly entailed by a theory if, when falsified, the 
required modifications to the theory are not extensive. A prediction is strongly 
entailed if, when falsified, the required modifications are extensive. So, for example, 
if under the Ptolemaic system the retrograde motions of Saturn occur earlier than 
expected, then the model for Saturn can be modified without requiring any 
modifications of the models for the other planets. If such a change occurs under the 
Copernican system, the matter is not so simple, and may require modifications to 
the models for the other planets as well. 


Chapter 4 
Kepler’s Archetypes and the Astronomia nova 


1. Originally titled Astronomia Nova AITIOAOTHTOZD, Sev Physica Coelestis, 
Tradita Commentariis De Motibus Stelle Martis Ex observationibus G. V. Tychonis 
Brabe. Donahue translates the title as “New Astronomy Based upon Causes or 
Celestial Physics, treated by means of commentaries on the motions of the star 
Mars from the observations of Tycho Brahe, Gent.” (AN, 27). See Stephenson 
1987 for a detailed account of the role Kepler’s physics played in the Astronomia. 
See also Small [1804] 1963; Russell 1964; Wilson 1968; 1972; Aiton 1969; 1973; 
Gingerich 1973; Whiteside 1974; and Beer and Beer 1975. 

2. He offered this kind of justification of the ellipse later, in the Harmonice. 

3. Ido not, however, follow the order of Kepler’s arguments that the mean sun 
should be replaced with the true sun, since his arguments for this span the better 
part of the Astronomia. These arguments are discussed together. I also do not offer 
a thorough discussion of some important topics in the Astronomia, like his solar 
theory or his investigation of latitudes in part V, though some of the results of these 
topics will be touched on where appropriate. 

4. One wonders whether at this point Kepler considered his polyhedral hypoth- 
esis to be only probable, because the polyhedra are not directly observable. Arche- 
typal hypotheses have an advantage over physical ones, however, because for Kep- 
ler they are directly imprinted on the human mind. 

5. These arguments are in chapters 1-6, 12-14, 52, 61—62, 67. 

6. “©” refers to the true sun, “©” to the mean sun. 

7. Acronychal observations are made as if from either the mean or the true sun 
and are accomplished by waiting until the observed position of the planet is on the 
opposite side of the Earth from the true or mean sun. 

8. It is not clear when chapter 52 was written. Stephenson (1987, 106) argues 
that it was written well before chapter 53, that it was one of Kepler’s earlier results. 
Even so, given the order in which Kepler presented his results, he expected his 
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readers to be sufficiently persuaded by the end of chapter 6 that exploring models 
based on the true sun was a worthwhile project. 

9. Notice again that Kepler considered his physical reasoning to be a priori 
rather than a posteriori. 

10. At various points in the Astronomia, Kepler considered the possibility of 
whether a mind moved the planet. This view may seem at odds with his commit- 
ment to ground astronomy in physics, but it is not so. For Kepler, minds could 
count as ordinary causes of rnotion since, after all, we often experience the causal 
relations between our own minds and bodies. He was very careful not to attribute 
any powers to planetary minds that we ourselves do not possess. The planetary 
minds could not simply determine where the planets are supposed to be, but rather, 
required some means of calculating these positions. In addition, Kepler used the 
notion of planetary minds to rule out certain kinds of causal patterns as implausible. 
If a mind cannot calculate its proper motion, then no physical force can produce 
that motion. Because all motions are created by God, who is a mind, then the 
motion must be calculable for God to have created it. 

11. The situation is worse for an epicycle model based on the mean sun because 
there are two empty points that need to be causally efficacious. 

12. That is, showing that the lines of the nodes of Mars pass through the sun, 
and that the inclinations of orbital planes do not wobble if they pass through the 
sun. ‘ 

13. Gingerich [1964] 1993, 219) suggests that one should not take too seriously 
Kepler’s claim to have required until the fifth year to complete these calculations. 
Gingerich offers two accounts of the number of trials required for a computer to 
carry out Kepler’s calculation of the eccentricities of the vicarious hypothesis (nine 
rather than Kepler’s seventy are required; Gingerich [1964] 1993; 1973. In the later 
of these two papers, Gingerich concludes that Kepler repeated the calculations on 
redundant data in an attempt to ensure that problems with the observations would 
not infect the construction of the hypothesis. 

14. In chapters 10-15 Kepler worked on recalculating and justifying these cal- 
culations of Brahe’s observations in order to get positions as they would be seen 
from the true rather than mean sun. 

15. Observed by Bennett (1998). 

16. Kepler was not the first to try an unequally divided eccentricity. Tycho 
Brahe also used a nonbisected eccentricity, as Kepler noted (AN, 251; KGW III, 
152-53). 

17. Most of Kepler’s physical arguments occur in his section on solar theory, 
which I discuss in abstraction from his solar theory. 

18. Notice that Kepler did not claim that the universe is completely comprehen- 
sible by us. 

19. Kepler spoke in these terms in the Epitome (904-5; KGW VII, 306), but it 
should become clear that he already had something similar in mind when writing 
the Astronomia. 

20. In the Epitome, Kepler argued that although the concept of a (physical) mo- 
tive force is less intuitive than the concept of planetary movers, the former is still 
comprehensible, and that is what counts: “Their being more difficult to believe is 
no disadvantage, provided they are easy to comprehend; ... And the mode by 
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which we perceive in mind what sort of form it is does not disturb us: alone the 
unbelievable strength [fortitudo] of this form keeps us in doubt” (Epitome, 904-5; 
KGW VII, 306). 

In the Harmonice, he made explicit the connection between comprehensibility 
and the archetypes: “For if they are knowable, then they can enter the Mind and 
into the shaping of the archetype; but if they are unknowable (in the sense which 
has been explained in Book I) then they have remained outside the Mind of the 
eternal Craftsman, and have in no way matched the archetype” (HM 139; KGW VI, 
100-101). In this context, “knowability” has a more technical geometrical meaning. 
A knowable figure is constructable from either the diameter of a circle or the square 
of that diameter. 

21. Later in the Astronomia, Kepler proposed that with a noncircular orbit, the 
measure of libration did form a simple proportion with the changes in the apparent 
diameter of the sun, and so could be used by a planetary mind to determine where 
it needed to be (AN, 565-67; KGW II, 359-61; see below). 

22. Ad Vitellionem paralipomena, quibus astronomiae pars optica traditur, in KGW 
Il. Kepler began work on Astronomiae pars optica in 1600. Although it is not dis- 
cussed here, this book marks another of Kepler’s great achievements. It is a thor- 
ough exploration of optics, from the metaphysics of light, to astronomical optics, 
to how it is that the eye receives images. Kepler was the first to observe that the 
retinal image is inverted. See Straker 1981, for a discussion of Kepler’s work in 
optics. 

23. Kozhamthadam (1994, 21-22) makes a similar point. See Lindberg 1986, 
5-42, for a more detailed discussion of the Neoplatonic influence on Kepler’s 
optics. 

24. Stephenson (1987, 69-75) was the first to make clear that the simple inverse 
proportion of the attenuation of the sun’s motive force was not due to its traveling 
out only on the ecliptic (Kepler believed that it spread out in all directions), but 
because on the basis of the analogy with light, Kepler believed that it took the form 
of an zmage of the sun’s motion. This image moves in a circle, as the sun spins, and 
it loses its power over distance in proportion to the distance from the sun. 

25. Kepler’s discussion of the second law took place in his examination of the 
Earth’s orbit. Because he clearly saw the second law as applicable to Mars, details 
about the Earth will be left out of my discussion. 

26. Although in some sense the circle is still prior in Kepler’s system, because 
the sun pushes the planets in a circle, it is the planets that disrupt the circular 
motion with their libration. 

27. In the Mysterium Kepler used the phrase “lucky guess” to refer to Coperni- 
cus’s a posteriori argument for his hypothesis, and suggested that one also needed 
a priori justification from the causes (both physical and metaphysical). 

28. By accepting methods of mechanics, Kepler was not committed to mechani- 
cal philosophy. The method of Archimedean mechanics involved the reduction of 
the physical properties of a system to its geometrical properties for the purposes of 
mathematical analysis. Mechanical philosophy, by contrast, is the position that all 
causes are contact causes. See Chapter 5. 

29. The system will not actually be in equilibrium because the transverse push- 
ing force exerted by the sun will constantly be changing the direction of BK by 


184 NOTES TO PAGES 95-103 


moving the planet to another position. If the system is considered without the 
transverse pushing force, however, the direction of BK will not change, and so 
Kepler argued that at a given instant the system will fall into equilibrium. 

30. Kepler made it sound as though once the scales fell from his eyes, the ellipse 
would obviously follow from his account of libration: “O ridiculous me! ‘lo think 
that the reciprocation [libration] on the diameter could not be the way to the el- 
lipse! So it came to me as no small revelation that through the reciprocation an 
ellipse was generated” (AN, 576; KGW IIL, 366). It was not that easy, however. In 
chapter 58 he interpreted his libration theory to imply a different placement of the 
planet, producing an ovoid orbit. He called this orbit the via buccosa, since it turned 
out to be too “puffy-cheeked.” Stephenson (1987, 122-26) offers a nice description 
of the problem and its connection to the difficulties in interpreting the eccentric 
anomaly under a noncircular orbit. 


Chapter 5 
The Aristotelian Kepler 


1. See Methuen’s 1998 study of the curriculum at Tübingen, and Schmitt 1975, 
for a more general discussion of university curricula during the sixteenth and sev- 
enteenth centuries. 

2. One should bear in mind that Aristotelianism in the Renaissance was often 
blended with elements from Neoplatonism, Christianity, and other traditions. See 
Schmitt 1983; Wallace 1988; and Kristeller 1979. 

3. See Jardine 1984, 232-41, for a finer grained analysis of responses to the con- 
flict between astronomy and Aristotelian physics. 

4. Pereira referred to astronomers as “astrologers,” for at that time astronomers 
typically studied astrology as well. Kepler himself constructed numerous astrologi- 
cal calenders. 

5. From Pereira, De communibus omnium rerum naturalium principiis & affec- 
tionibus ([1562], 1576, 47D-48B; cited in Jardine 1984, 238). 

6. Wilson (1974, 258) observes that Kepler’s “forces” were mechanical not in 
the sense that they consist of bodies bumping together (the primary motive force 
was an emanation from the sun), but in the sense rather that they are subject to the 
principles of mechanics. 

7. Modern commentators dispute whether Aristotle’s “injunction” was intended 
as an outright ban, or merely a mild warning. For the former interpretation, see 
Kozhamthadam 1994, 57, 275; for the latter, see Drake 1975, 239. 

8. It seems almost inconceivable today to think of mathematics as foreign to 
physics. But in Kepler’s time it seemed almost inconceivable to analyze physical 
forces mathematically. Johann Brengger, for example, expressed his bafflement to 
Kepler on this matter (October 30, 1607; KGW XVI, 71). 

9. As mentioned earlier, Kepler pointed out that “William Gilbert the English- 
man appears to have made good what was lacking in my arguments on Copernicus’s 
behalf through his admirable skill and his industry in collecting observations in the 
study of magnets” (Apologia, 146; KGW XX.1, 24). 

10. Kepler reported that he was familiar with this work (KGW XIX, 328-29), 
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11. For Aristotle, the higher discipline will have fewer principles, which paral- 
lels Kepler’s conviction that the correct archetypal explanation will be simple, uni- 
fying diverse physical phenomena. As noted earlier, Kepler appealed to this convic- 
tion in motivating the use of diverse phenomena to measure the same parameter. 

12. Westman bases his translation of this passage on Strong’s (1966, 173). 

13. I suspect there was ironic satisfaction in Kepler’ criticism. In the notes 
annotated to the Mysterium he observed that Aristotle “carped [at the idea that 
mathematical objects could cause physical motion] in so many places” (quod dogma 
Aristoteles tot locis vellicauit, MC, 125; KGW VIII, 62). 

14. This interpretation, that the final and formal features of all disciplines are 
unified, only justifies the view of terrestrial physics as analogous to the celestial. To 
view celestial forces as the same as terrestrial is to see the efficient causes as unified. 

15. Aristotle listed mechanics as a discipline to which geometrical demonstra- 
tions could be legitimately applied (Posterior Analytics 76a23-25). For a discussion 
of the controversy over the relationship between mathematics and mechanics dur- 
ing the Renaissance, see Drake and Drabkin 1969; Rose and Drake 1971, 65-104. 
There is good reason to think that Kepler’s reduction of libration to the balance or 
lever was a reduction to Archimedean statics. He treated the system as though it 
were in equilibrium, proceeding from there in the standard Archimedean manner. 

16. Kepler tended to speak of the measure of libratory force as the “strength of 
an angle.” 

17. Notice the distinctly Aristotelian interpretation of a Platonic cosmology. 
The view is that quantity is separable from matter only through the act of mental 
abstraction (Aristotle’s Physics, 193b32-35). As will become more important in the 
next chapter, observe that Kepler placed limitations on God’s omnipotence. God 
can only create that which is possible, although it is no slight to God’s omnipotence 
to say that square circles and matterless quantity cannot be created. This limited 
notion of omnipotence became significant in the Harmonice, where Kepler argued 
that God could only create the best possible world, and this necessarily includes 
some imperfections. 

18. Hence Kepler’s conviction that astronomy must be founded on physical 
reasoning. 

19, Stephenson (1987, 142) makes a similar point. 

20. This is taken from Kepler’s notes added to the Mysterium in 1621. 

21. “Ad hanc obiectionem nihil respondere potui nisi hoc, rei cognatae simili- 
tudine, modum similem demonstrari, non plane rem eandem” (KGW XV 254). 
Unfortunately, Fabricius seemed uninterested in this answer, and so does not fol- 
low up on it. 

22. Stephenson (1987, 110) makes a similar point. 


Chapter 6 
The Harmonice mundi 


1. See Stephenson 1994, 90-97, for a discussion of Kepler’s first theory of plan- 
etary harmonies. 
2. For those interested in a more detailed exegesis, see Stephenson 1994, ch. 9. 
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3. This is problematic, for Prolemy argued that the octave is slightly less than six 
tones. Ptolemy’s octave is five tones plus two limmas, two sequences each with the 
ratio of 243:256 (Barker 1989b, 298-99). Prolemy seemed content with this ap- 
proximation: “The fact, then, that nature gave the circle of the signs of the zodiac 
a twelve-part constitution, is what we should rationally expect, since the complete 
systema of a double octave is very close to twelve tones, and the interval of a tone 
was fitted to the twelfth part of the circle” (Barker 1989b, 383). 

4. Ptolemy’ titles read: (14) “Which are the first numbers in which the fixed 
notes of the complete systema may be compared with the first spheres that there are 
in the universe” and (15) “How the ratios of the movements proper to each can be 
found in terms of numbers” (Barker 1989b, 362). 

5. Here, indicating his full agreement, Kepler was quoting from Proclus. 

6. This was Kepler’s stated goal in the introduction to chapter 5, and an obvious 
lacuna left for him to fill after his discoveries in the Astronomia. He may not, how- 
ever, have been confident in achieving this goal until late in the writing process, 
when he discovered his third law. 

7. Kepler’s harmonic archetypes also provide an argument against the Brahean 
system. Kepler wrote that unless we include the Earth’s harmony, we lose the ge- 
nera of the song (Epitome, 913; KGW VII, 314). He did not emphasize this claim, 
having promised a dying Brahe that he would complete the calculations for the 


Brahean system. 5 
8. One wonders why the divine ear would not find these discrepancies excru- 
ciating. 


9. Kepler described the genera, mollis and durum, in a manner that suggests that 
they correspond roughly to our major and minor modes, But Walker ({1967] 1978, 
57-58) shows that Kepler used these terms in their traditional senses, where the 
durum contains B natural, and the ollis B flat. 

10. In the rest of this section I follow Kepler’s complex assignment of harmonies 
to planetary motions. A reader interested primarily in the philosophical aspects of 
Kepler’s harmonies can skip ahead to the next section. 

11. Wallace’s translation of proportio propria in Kepler [1619] 1939, 1952. 

12. The formula is simple algebra: the diverging movement is Sa:Ip (Superior 
aphelion to Inferior perihelion); the converging is Sp:Ia, and the private ratios are 
Sa:Sp and la:Ip, so the formula is simply 


Sata Sa la 
Ip Sp Sp p' 

Stephenson (1994) follows Kepler in referring to the multiplication and division of 

ratios as addition and subtraction respectively. Wallis translates these as “com- 

pound” and “inverse compound” respectively. 

13. In proposition 8 Kepler assigned Saturn and Jupiter 1:2 and 1:3 because the 
ratio between the spheres of the cube is 1 to the root of 3, and the two nearest 
harmonies are 1:2 and 1:3. In proposition 9 Kepler used the formula to determine 
that the sum of Saturn’s and Jupiter’s private ratios is 2:3, which harmonically 
decomposes into 4:5 for the Saturn’s private ratio, and 5:6 for Jupiter's (as a fifth 
decomposes into major and minor thirds). 

14. Kepler obtained the ratios for Saturn by multiplying the square roots of the 
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ratios by 10. For Jupiter the square roots are multiplied by 1,000, Mars by 10. For 
Earth, the private ratio is multiplied by 3, then the squares are multiplied by 1,000. 
For Venus, multiply the private ratio by 40, and the square roots by 100. For 
Mercury, the private ratio is multiplied by 8, and the square roots by 10,000. 

15. Wilson points out that Kepler should have corrected the Earth’s eccentric- 
ity on the basis of astronomical considerations as well. Kepler’s reduction of 
Brahe’s calculation of horizontal solar parallax from 3’59” to 1’ should have led to 
an alteration in the eccentricity (Wilson 1989, 251). For more on Horrocks, see 
Wilson 1989, 235-59. 

16. “And because we are seeking for all the mean motions measured in the same units, 
as all the proportions which have so far been confirmed between pairs of motions, and alsa 
all the planets’ own motions, are set out in the common measure of their lowest common 
factor” (HM, 484-85, KGW VI, 357; emphasis in original). 

17. Stephenson (1994, 222) adds the prime factors of column 3 to show how it 
was calculated from columns 1 and 2. 

18. In the Harmonice, tables 6.6 and 6.7 are displayed in one table. 

19. Kepler displayed column 1 in table 6.8 in the same table on which tables 6.6 
and 6.7 are based. 

20. Let R = distance, P = period, AD = apparent diurnal arcs, TA = true diurnal 
arcs, and TD = true diurnal (linear) motion. We can use propositions 9 and 10 from 


Chapter 3. 
7 ee TD, [TA R 
roposition 9: TD, ae A, * R, 
P . 10 AD, TD, R, 
roposition 10: AD, ec TD, x R) 


Because a planet’s true diurnal arcs are inversely proportional to the period, then 


by the harmonic law we get: 
R, TA, 
R P EDS, RF 
— | œ x}. 
R, TD, R, 


R) (4D) 


Kepler distinguished between apparent and true diurnal arcs, stating, for example, 
that true diurnal motions can be determined by multiplying the distances by “the 
true (not the apparent) daily arcs of the eccentric” (HM, 412; KGW VI, 302). I have 
followed Kepler in speaking of the two as distinct, but as we can see by the preced- 
ing derivation, they are equivalent. 


By proposition 9 we get: 


And by proposition 10: 


188 NOTES TO PAGES 135-166 


21. Kepler gave 1,878,483. 

22. Kepler presented the data in tables 6.8 and 6.9 in one table. 

23. Notice that this justifies Kepler’s specific measure but not uniquely. Any 
measure that fulfills the criterion of order is similarly justified. 

24. Perhaps too he was willing to admit an aspect of a theory that, while disturb- 
ing, is outweighed by the overall benefits of accepting the theory. 

25. “(I]t is my pleasure to taunt mortal men with the candid acknowledgment 
that I am stealing the golden vessels of the Egyptians to build a tabernacle to my 
God” (HM, 391; KGW VI, 290). 


Chapter 7 
The Epitome astronomiae Copernicana: Kepler’s Mature 
Physical Astronomy 


1. Compare this to Kepler’s saying that the Harmonice could “await its reader for 
a hundred years” (HM, 391; KGW VI, 290). 

2. On the basis of his survey of seventeenth-century astronomers, Russell (1964, 
1-24) maintains that the Epitome was Kepler’s most influential theoretical work, 
in fact the most widely read book on astronomy in the European astronomical 
community. 

3. Books I-III were written by 1615 and published in 1618. Kepler wrote book 
IV after writing the Harmonice, publishing the former in 1620. Books V-VH were 
published in 1621. f 

4. Books I-II address problems generated by the diurnal rotation of the Earth. 
Books IV-VI concern planetary and lunar theory, book VII the sphere of the stars. 

5. See Koyré 1957, ch. 3, for an extended discussion of Kepler’s arguments 
against the infinite universe. The example here is only one of several Kepler 
offered. 

6. Here Kepler referred the reader to his Hipparchus (KGW XX.1), of which we 
only have fragments. See Swerdlow 1992, for a discussion of Kepler’s Hipparchus, 
and a translation of a portion of it, the Sciametria. 

7. Notice the difference between this and Kepler’s discussion of planetary 
minds in the Astronomia. In the Astronomia, he was thinking physically, which is 
clear from his attempt to determine how a mind would have access to information 
necessary for maintaining the correct orbit. 

8. Notice the warning against simply merging the disciplines, an attitude in 
keeping with Aristotle’s Posterior Analytics. 

9, See Stephenson 1987, 144-46, for a discussion of various misinterpretations 
of the third law. . 

10. As Voelkel (1994, 325) points out, Kepler was mistaken in believing the two 
theories to be equivalent. See Voelkel 1994, for a detailed analysis of the Kepler- 
Fabricius correspondence. 

11. ‘This problem is identified by Stephenson. For a much more detailed tour of 
Kepler’s mathematical libration theory, and his derivation of the elliptical orbit, see 
Stephenson 1987, 147-57. 

12. See my article (1999) for a more in-depth discussion of the significance of 
Kepler’s balance analogy. 
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Conclusion 


The Fate of Kepler’s Philosophical Thought 


1. Kepler met Bernegger in 1612, who later became Kepler’s “best and most 
faithful friend” (Caspar [1959] 1993, 226). 

2. “.., habes infra in doctrina Eclipsium etiam ex hujus temporis observationi- 
bus documenta perspicua, motuum Solis, Lunae et Primi Mobilis non ad amussim 
Mathematicam aequalium, sed physicas minimas intensiones et remissiones recipi- 
entium extra ordinem” (KGW X, 44). 

3. Jeremiah Horrock’s distress over the perturbations and their implications for 
the status of astronomy are discussed by Wilson (1978, 248-55). 

4. Stephenson similarly concludes Kepler’s harmonies were ignored, with the 
notable exceptions of Jeremiah Horrocks and Giovanni Battista Riccioli: “Soon 
after birth they [Kepler’s theories of planetary harmonies] fell into a kind of limbo, 
from which they have never emerged: too technical to be read by those who listen 
for the music of the spheres, and too peculiar to be taken seriously by scientists with 
the technical ability to understand them” (Stephenson 1994, 243). 

5. I do not discuss the substantial influence of Kepler’s astronomical achieve- 
ments. On this subject, see Russell 1964 and Applebaum 1996. 

6. I thank Jason Holt for pointing this out. 

7. See Meli 1991. 
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